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PREFACE. 

The  absence  of  any  text-book  in  the  English  language 
treating  at  all  fully  of  the  Physiology  of  Plants,  so  as 
to  meet  the  requirements  of  advanced  students,  sug- 
gested to  me,  at  an  early  stage  in  my  career  as  a 
teacher  of  the  subject,  that  I  should  publish  my  own 
lecture- notes  just  sufficiently  expanded  to  make  them 
readable.  Of  this  suggestion,  this  volume  is  the  out* 
come.  The  work  of  preparation  began  in  1877,  but, 
on  account  of  the  pressure  of  other  duties,  it  was  not 
until  1882  that  it  had  proceeded  far  enough  to  warrant 
going  to  press.  I  hoped  at  that  time  to  have  com- 
pleted the  Lectures  within  a  twelvemonth  at  longest, 
but  failing  health  and  increasing  demands  upon  my 
tiiiie  have  extended  the  period  to  four  years.  In  con- 
sequence of  this  delay,  it  will  be  found  that  in  the 
earlier  Lectures  the  most  recent  researches  have  not 
been  noticed.  There  will,  I  hope,  be  an  opportunity 
to  remedy  this  defect  in  a  subsequent  edition. 

There  is  one  point  to  which  I  would  especially 

draw  tlie  attention  of  the  reader,  namely,  to  the  use  of 
the  terms  ** dorsal"  and  ''ventral"  in  speaking  of  the 
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positions  taken  up  by  dorsiventral  organs.    It  is  the 
general  custom  of  those  who  have  written  on  thin 
subject  to  speak  of  the  normally  lower  surface'  of  the 
organ  as  the  ventral,  and  of  the  upper  as  the  dorsal. 
Morphologists,  however,  term  the  normally  upper  sur^ 
face  of  dorsiventral  leaves  the  ventral,  and  the  lower 
the  dorsal.    I  have  adopted  the  former  use  of  these 
terms  with  regard  to  leaves,  so  that  in  discussing 
the  positions  of  these  organs,  I  mean  by  dorsal  the 
normally  upper  surface,  and  by  ventral  the  normally 
lower  surface. 

I  have  to  thank  many  friends  for  valuable  hints 

and  kindly  criticisms,  more  especially  Prof.  Michat:i 
Foster,  Sec  R.S.,  and  Mr  W.  T.  Thiselton  Dyer, 
C.M.G.,  F.R.S,,  Director  of  the  Royal  Gardens,  Ke\r, 
to  both  of  whom  I  am  much  indebted. 

Cambridge, 

May^  1886. 
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If  a  drop  of  the  rain-water  which  has  collected  in  a  water-' 
butt  be  examined  under  the  microscope,  a  number  of  minute 

somewhat  pear-shaped  bodies  of  a  green  colour  will  be  seen 
actively  swimming  in  it.  These  bodies  arc  what  are  termed 
the  zoospores  of  a  small  Alga,  HcBuiatococcus  phivialis,  better 
known  as  Protococcus.  The  rapidity  of  the  movements  of 
these  bodies  makes  it  difficult  to  observe  their  structure,  but, 
if  a  trace  of  iodine  be  added  to  the  drop  of  water,  they  will 
be  brous^t  to  rest  It  will  then  be  seen  that  they  are  not 
all  quite  alike,  some  being  smaller  and  others  larger.  The 
smaller  ones  consist  of  a  minute  mass  of  a  jelly-like  substance, 
granular  and  coloured  green  for  the  most  part,  but  clear  and 
colourless  at  the  more  pointed  end  where  it  is  prolonged  into 
two  delicate  filaments  termed  cilia :  the  larger  ones  have  the 
same  structure,  but  they  possess  in  addition  a  membrane 
through  whidi  the  dlia  protrude  (1%.  i.  A,).  To  this  jelly- 
like  substance  the  name  of  protoplasm  has  been  given,  and, 
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on  account  of  its  universal  presence  in  living  ofganisms,  it 
has  been  described  as  the  pkysicai  basis  of  lift.  It  usually 
occurs,  as  in  these  cases,  in  the  form  of  minute  individualised 
masses,  each  such  mass  being  termed  a  cdL   The  membrane 

which  surrounds  the  protoplasm  of  the  larger  zoospores  is 
the  cell-wall,  and  it  may  be  shewn  by  appropriate  tests  that 
it  consists  of  a  substance  known  as  cellulose:  an  investing 
membrane  of  this  kind  is  present  in  the  great  majority  of 
plant-cells,  its  presence  is,  in  fact,  the  general  rule,  but  it  is 
not  absolutely  essential.  The  essential  part  of  a  living  cell  is 
its  protoplasm,  the  cell-wall  being  a  secondary  formation,  a 
product  of  the  vital  acti^ty  of  the  protoplasm.  This  relation 
between  protoplasm  and  cell-wall  ean  be  well  made  out  by 
observing  the  subsequent  changes  which  these  zoospores 
undergo.  After  moving  actively  for  a  time  they  come  to 
rest,  lose  their  cilia,  acquire  a  spherical  form,  and  the  proto- 
plasm surrounds  itself  with  a  firm  cellulose  membrane^ 
each  such  non-motile  cell  constituting  a  Haematococcus  plaat 
(Fig.  I.  B).  After  a  time,  if  the  external  conditions  are 
favourable,  the  protoplasm  divides  into  a  larger  or  smaller 
number  of  segments,  the  cell-wall  is  ruptured,  and  the  seg- 
ments of  protoplasm  are  set  free  as  actively  moving  ciliated 
cells  (zoospores),  destitute  of  a  cell-wall,  that  is,  as  primordial 
cells.  It  is  during  their  motile  period  that  the  larger  zoospores 
clothe  themselves  with  a  cell-wall  as  described  above. 

In  considering  the  life-history  of  Haematococcus  we  ob- 
serve that  it  maintains  itself,  that  it  reproduces  its  kind,  and 
that  at  one  period  of  its  life  it  is  cnduwcd  with  the  power 
of  active  motion ;  phenomena  which  necessarily  imply  that 
the  organism  is  constantly  obtaining  supplies  of  matter  and 
of  energy  from  without.  The  oiganism  exhibits  these  phe- 
nomena, or  rather  it  performs  certain  functions  of  which  the 
phenomena  are  the  outward  and  visible  s^,  in  virtue  of 
certain  fundamental  properties  with  which  its  protoplasm  is 
endowed,  properties  which  are  possessed  likewise,  some  in  a 
higher  some  in  a  lower  degree,  by  the  protoplasm  of  all  living 
plant-cells.  It  is  necessary  therefore,  in  commencing  the 
study  of  the  Physiology  of  Plants,  the  stuci^,  that  is,  of  their 
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fimctionsr  to  ascertain  what  are  the  fundamental  properties 
of  their  protopfasm. 

An  acquaintance  with  the  fundamental  properties  oi 
protoplasm  in  virtue  of  which  the  processes  of  nutrition  are 
effected  may  be  perhaps  most  readily  acquired  by  making  a 
Kfies  of  observations  upon  some  small  simple  plant  which, 
can  be  obtained  in  quantity  and  of  which  the  structure  is 
known.  The  Yeast-plant  (Sacd^ammycgs  Cermsit^  may  be 
oonvenlently  taken  for  this  purpose.  A  droj)  of  yeast  placed 
under  the  microscope  will  be  found  to  contain  a  ^reat  number 
of  minute,  more  or  less  oval  cells  (Fig.  2,      to  the  presence 


of  which  the  turbidity  of  the  liquid  is  due.  In  its  structure 
a  yeast-cell  resembles  a  resting  Haematococcus-cell,  but  the 
yeast<ell  is  much  smaller  and  is  unooloured.  If  now  a  drop 
of  yeast  be  added  to  a  quantity  of  a  liquid  known  as  Pasteur^s 
solution,  which  consists  of  distilled  water  holding  a  small 
percentage  of  ccrt.iin  inorc^anic  salts  and  a  larger  percentage 
of  certain  organic  substances  in  solution,  it  will  be  found 
that  the  Pasteur's  solution,  which  is  clear  at  first,  becomes 
turbid,  if  allowed  to  stand  for  a  few  hours  in  a  warm  place. 
A  diop  of  it  examined  under  the  microscope  will  be  seen  to 
contain  a  great  number  of  yeast-cells,  and  it  will  also  be 
seen  that  the  cells  aie  actively  multiplying  by  the  formation 
of  small  ou^^wths  (Fig.  2,  b),  which  gradually  enlarge  until 
they  attain  nearly  to  the  size  of  the  parent-cell,  when  they 
become  detached  and  constitute  new  individuals.  It  is 
evident  that  an  enormous  multiplication  of  the  yeast-cells 
or^inally  introduced  into  the  Pasteur^s  solution  has  taken 
jdace,  and  this  necessarily  implies  that  a  considerable  quantity 
of  protoplasm  and  of  cell-wall  has  been  formed.   If,  in  a 

1^3 


Fig.  3.  o,  a  Yeast-cell :  ^,  a  Veast-cell  badding. 
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second  experiment^  a  drop  of  yeast  be  added  to  a  quantity 
of  pure  distilled  water,  the  liquid  will  not  become  tuibtd, 
that  IS,  there  will  be  no  indication  of  any  increase  in  the 

number  of  yeast-cells  present;  and  not  only  so,  but  it  will 
be  found,  after  a  time,  that  their  protoplasmic  contents  have 
perceptibly  diminiblied,  so  that  an  actual  io^  of  substance 
has  taken  place. 

• 

The  inferences  to  be  drawn  from  the  observations  are 
(i)  that  the  substances  contained  in  the  Pasteur's  solution 
are  of  such  a  nature  as  to  supply  the  yeast-cells  with  the 
materials  necessary  for  the  formation  of  protoplasm  and  of 

cell-wall,  that  is,  to  serve  as  food  to  the  plant ;  (2)  that  the 
yeast-cell  is  capable  of  absorbing-  these  substances  and  of 
claboratini^  from  them  protoplasm  and  cell-wall,  and  that 
it  does  so  to  such  an  extent  as  not  only  to  provide  for  its 
own  maintenance  but  also  for  the  formation  of  new  yeast* 
cells ;  and  (3)  that  there  are  processes  going  on  in  the  yeast- 
cell  which  tend  to  diminish  its  substance. 

The  protoplasm  of  the  yeast-cell,  and  this  is  true  of  every 
living  organism,  is  the  seat  of  active  chemical  processes  which 
are  inseparably  associated  with  the  vital  activity  of  the 
protoplasm.  These  collectively  may  be  termed  the  meta- 
bolism of  the  organism.  We  may  conveniently  distinguish 
as  constructively  metabolic  those  processes  which  tend  to  form 
more  and  more  complex  compounds  in  the  organism,  and  as 
distmctivefy  metaMic  those  processes  which  tend  to  break 
down  the  complex  compounds  with  the  formation  of  others 
of  simpler  composition.  Some  of  the  products  of  destructi\  e 
metabolism  arc  such  that  they  cannot  enter  into  the  construc- 
tive metabolism  of  the  organism;  they  are  accordingly  thrown 
o&,  and  so»  just  as  constructive  metabolism  is  connected  with 
the  absorption  of  comparatively  simple  chemical  compounds 
wliich  constitute  the  food  of  the  organism,  destructive  metabo* 
lism  is  connected  with  the  elimination  of  comparatively  simple 
chemical  compounds  which  are  the  excreta  of  the  organism.- 

The  accumulation  and  dissipation  of  matter  arc  not, 
however,  the  only  results  of  the  metabolic  activity  of  the 
protoplasm  of  the  yeast-cell.    If  a  drop  of  yea^t  be  dried  and 
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the  solid  residue  burned,  a  small  but  definite  amount  of  heat 
will  be  evolved.  But  if  a  similar  drop  of  yeast  be  added  to 
a  quantity  of  Pasteui^s  solution,  and  after  having  been  Idt 

for  some  time,  the  lurljid  liquid  be  cv^aporatcd  lo  dryness 
and  the  solid  residue  of  yeast-cells  burned,  the  amount  of 
heat  evolved  will  be  considerable.    In  virtue  of  their  con- 
structive metabohc  activity  the  ceils  contained  in  the  drop 
of  ]reast  added  to  the  Pasteur's  solution  have  formed  a  number 
of  new  cellsy  or,  in  other  words,  a  considerable  quantity  of 
protpplasm  and  of  cell-wall>  and  in  the  process  of  building 
up  the  complex  chemical  molecules  of  the  substances  which 
constitute  protoplasm  aiul  of  cellulose  a  considerable  aniouiU 
of  energy  has  been  accumulated.    The  heat  given  off  when 
the  dried  yeast  is  burned  is  due  simply  to  the  conversion 
of  this  accumulated  eneigy  from  the  poUntial  into  the  kinetic 
condition.    The  processes  of  destructive  metabolism^  on  the 
other  hand^  involving  as  they  do  the  breaking-up  of  complex 
cheoucal  molecules  into  others  of  simpler  composition,  are 
accompanied  by  a  conversion  of  potential  into  kinetic  energy. 
That  this  is  the  case  can  be  readily  ascertained  by  comparing 
the  temperature  of  a  large  quantity  of  Pasteur's  solution  in 
which  the  yeast  is  actively  growing  with  that  of  the  sur- 
rounding air;  it  will  be  found  that  the  former  is  several 
degrees  higher  than  the  latter. 

The  results  of  the  constructive  metabolism  of  the  yeast- 
oell  are  then  an  accumulation  of  organic  matter  and  of 
energy,  the  results  of  its  destructive  metabolism  are  a  dimi- 
nution of  organic  matter  and  a  dissipation  of  energy.  Inas- 
much as  in  the  experiment  before  us  we  have  found  that 
a  laige  quantity  of  yeast  is  formed  from  a  small  quantity, 
we  learn  that  the  constructive  metabolism  of  the  yeast-cell 
considerably  exceeds  its  destructive  metabolism,  the  weight 
of  the  dried  jreast  at  the  end  of  the  experiment  and  the  amount 
of  heat  given  off  when  it  is  burned  being  the  measure  of  the 
excess. 

We  arc  now  in  a  position  to  make  some  definite  statements 
as  to  the  fundamental  properties  with  which  the  protoplasm 
of  the  Yeast-piant  is  endowed : 
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1.  it  is  atsmftkfe,  in  that  it  is  capable  of  taking  up  into 
itself  the  substances  which  constitute  its  food : 

2.  it  is  nutabolic,  in  that  it  is  capable  of  buildingf  up  from 

the  relatively  simple  chemical  molecules  oi  iood  tlic  com- 
plex chemical  molecules  of  the  organic  substances  present 
in  the  ceil ;  and  in  that  it  is  capable  of  decomposing  the 
complex  molecules  of  these  substances  into  others  of  simpler 
composition : 

3.  it  is  excretory^  in  that  it  gives  off  certain  of  the  pro- 
ducts of  its  destructive  metabolism : 

4.  it  is  reproductive^  in  that  portions  of  it  can  become 
separate  from  the  remainder  and  lead  an  independent  ex- 
istence as  distinct  individuals. 

These  are,  however,  by  no  means  all  the  fundamental 
properties  with  which  the  protoplasm  of  plnnts  may  be 
endowed.  The  observation  of  the  zoospores  of  Haematococcus 
naturally  suggests  that  their  motility  is  due  to  some  peculiar 
property  possessed  by  theur  protoplasm,  and  this  is  in  fact 
the  case.  When  a  zoospore  is  actively  moving,  its  pointed 
hyaline  end  bearing  the  cilia  is  directed  forwards,  and  at  the 
same  time  the  cell  revolves  round  its  long  axis,  so  that  it 
advances  in  a  screw-like  manner.  The  movement  is  entirely 
due  to  the  cilia.  So  long  as  the  organism  is  in  motion,  the 
cilia  are  vibrating  so  rapidly  that  it  is  difficult  to  see  them. 
The  lashing  movement  of  tiie  ciltum  is  probably  eflTected  by 
the  alternate  rapid  shortening  of  each  longitudinal  half.  To 
this  rapid  shortening  the  term  contrattiou  has  been  applied, 
and  the  body  exhibiting  it  is  said  to  be  contractile.  Since 
the  cilia  are  merely  specialised  portions  of  it,  we  may  at- 
tribute to  the  protoplasm  of  these  cells  the  fundamental 
property  of  ctmiracHHiy.  It  is  obvious  that  the  movements 
of  tiie  zoospores  involve  the  performance  of  a  certain  amount 
of  work ;  tiie  necessary  energy  Is  obtained  from  the  destruc- 
tive metabolism  going  on  in  the  oigtiui:.ni,  which,  a>  u  c  h;i\  e 
seen,  is  necessarily  accompanied  by  a  conversion  of  potential 
into  kinetic  energy. 

Further,  it  appears  that  the  movements  of  the  cilia  origi- 
nate independentiy  of  any  external  conditions  which  m^ht 
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act  as  exciting  causes  or  sHmuU:  this  being  so,  it  must  be 
concluded  that  the  movements  are  the  result  of  exdting 
causes  existing  within  the  organism  itself,  and  therefore  the 

protoplasm  is  to  be  regarded  as  being  automatic,  ihal  is,  as 
giving  rise  to  the  internal  stimuli  which  cause  the  contraction 
of  the  cilia. 

Although  there  is  no  reason  to  believe  that  stimuli  acting 
from  without  cause  the  movement  of  the  zoospores,  yet  there 
is  evidence  to  shew  that  they  may  modify  it.  It  has  been 
found  by  various  observers  that  the  movement  of  the  zoo- 
spores is  affected  by  light :  when  exposed  to  light,  the 
zoospores  arrange  themselves  so  that  their  long  axes  are 
parallel  to  the  incident  ray,  and  they  move  cither  towards 
or  away  from  the  source  of  light  according  to  circumstances. 
It  is  evident,  therefore,  that  the  protoplasm  is  sensitive  to  the 
action  of  this  stimulus,  and  it  will  be  shewn  hereafter  that 
other  external  stimuli  may  also  affect  the  protoplasm  of  the 
cells  of  plants*  This  sensitiveness  to  the  action  of  external 
stimuli  may  be  expressed  in  a  general  form  by  attributing 
to  the  protoplasm  the  fundamental  property  of  irritability. 

The  protoi3l,isn:i  of  the  zoospore  of  H^ematococcus  is  en- 
dowed, then,  with  the  following  fundamental  properties,  in 
addition  to  those  which  have  been  already  enumerated  with 
reference  to  the  Yeast-plant : 

5.  it  is  coHiractUe,  as  evidenced  by  the  movements  of  the 
cilia : 

6.  it  is  automatic,  in  that  the  exciting  cause  or  stimulus 
whicii  produces  the  contraction  originates  in  the  organism 
itself : 

7.  it  is  irritable,  inasmuch  as  the  movements  of  the  or- 
ganism may  be  modified  by  the  action  of  external  stimuli 

These  are,  so  far  as  can  be  ascertained,  the  fundamental 
properties  with  whicii  the  protoplasm  of  the  cells  of  plants 
may  be  endowed,  and  in  virtue  of  which  it  performs  the  func- 
tions which  together  make  up  its  life.  Of  these  properties, 
some,  such  as  those  of  absorption,  metabolism,  and  excretion, 
are  found  to  be  possessed  by  the  protoplasm  of  all  living  cells, 
whereas  the  others  do  not  appear  to  be  so  universally  dis- 
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tributed.  It  occurs  comparatively  rarely  that,  as  in  the  case 
of  the  zoospore  of  Haematococcus,  all  these  properties  are 
exhibited  by  the  protoplasm  of  one  cell 

Haematococcus  and  Saccharomyces  are  good  examples  of 

those  luwly-organiscd  plants  in  which  the  individual  consists  of 
a  single  cell;  and  yet,  simple  as  is  their  structure,  they  present 
a  distinction  of  parts,  in  other  words,  they  exhibit  differentia- 
tioH^  In  the  resting  Hsmatococcus  and  in  Saccharomyces 
we  can  distinguish  between  protoplasm  and  cell-wall,  and  in 
the  Hasmatococcus-zoospore  between  the  part  of  the  proto- 
plasm which  IS  granular  and  coloured  green  and  that  which  is 
hyaline  and  is  produced  into  the  cilia.  It  is  possible,  there- 
fcac,  tu  imagine  that  still  simpler  forms  inighl  be  iviel  uiih, 
forms  entirely  undifferentiated,  and  this  is  in  fact  the  case. 
In  certain  Fungi  (Myxomycetes),  for  example,  cells  occur 
which  consist  merely  of  a  minute  mass  of  colourless  and  ap- 
parently homogeneous  protoplasm.  We  are  forced  to  conclude 
that  in  such  an  undifierentiated  unicellular  individual,  all  its 
functions  are  performed  by  all  parts  of  its  protoplasm  alike, 
for  there  is  no  indication  that  any  one  part  of  it  is  especially 
charged  with  the  periunnance  of  any  one  particular  function. 
In  a  differentiated  unicellular  plant,  however,  there  is  an 
adaptation  of  certain  parts  of  the  protoplasm  to  the  perform- 
ance of  certain  functions;  thus  in  Haematococcus  and  in 
Saccharomyces  the  peripheral  layer  of  the  protoplasm  is  espe- 
^  cially  concerned  in  the  formation  of  the  celUwall,  and  in  the 
zoospore  of  Haematococcus  the  cilia  are  the  parts  of  the  proto- 
plasm which  effect  the  movement  of  the  organism.  In  the 
more  highly  organised  unicellular  plants,  such  as  Vaucheria 
and  its  allies,  the  differentiation  is  carried  still  further:  in  those 
which  arc  green,  for  instance,  the  colouring-matter  is  not  dis- 
tributed throughout  the  protoplasm  but  is  associated  with 
certain  specialised  parts  of  it,  forming  with  them  the  chkMro* 
pkyU<oifuscles :  further,  we  find  that  in  many  cases  the  func- 
tion of  reproduction  is  performed  by  certain  parts  of  the  cell 
only.  In  ascending,  then,  from  the  lowest  to  the  highest 
unicellular  plants  we  find  that  whereas  in  the  simplest  forms 
all  parts  of  the  cell  appear  to  be  equally  concerned  in  all  the 
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functions  of  its  life,  in  the  higher  forms  there  is  a  gradually 
increasing  dbtinction  of  the  functions  and  a  localisation  of 
them  in  certain  parts  of  the  cell,  in  other  words,  there  arc 

indications  of  diffcrtntiaiion  of  /unction  and  of  physiological 
division  of  labour. 

In  highly  organised  unicclhilar  plants  we  also  find  indica- 
tions of  a  differentiation  of  another  sort,  of  a  differentiation  of 
form  or  morphological  differentiation.  The  simplest  expres- 
sion of  this  is  the  distinction  of  two  regions  in  the  body  of 
the  plant,  both  lying  in  the  line  marking  the  direction  of  most 
active  growth,  the  base  and  the  apex.  In  some  forms  this 
morphological  differentiation  goes  so  far  as  to  iiulic.itc  that 
niai king-out  of  the  plant-buUy  into  members,  which,  as  we 
shall  soon  learn,  finds  its  full  expression  in  the  liigher  plants : 
this  is  well  seen  in  such  forms  as  Caulerpa  and  Bryopsis. 

In  the  majority  of  instances  plants  consist  of  a  number  of 
cells  connected  together..  Some  multicellular  plants  consist 
of  celk  which  appear  to  be  all  exactly  alike,  and»  although 
they  are  connected  together,  it  seems  that  each  cell,  the  proto- 
plasm of  which  is  usually  highly  dillcicnlialcJ,  performs  all 
the  functions  of  its  life  independently  of  the  others ;  this  is 
the  case,  for  example,  in  the  Confervacea:  and  Ulvaceae.  The 
functional  or  physiological  differentiation  of  such  multicellular 
plants  cannot,  therefore,  be  considered  to  be  higher  than  that 
of  a  differentiated  unicellular  plant  such  as  Hsematococcus. 

In  most  multicellular  plants,  however,  it  is  readily  seen 
that  the  constituent  cells  are  by  no  means  all  alike,  and 
UiiLhci  iliat  each  diiieient  kind  of  cell  is  connected  with  the 
performance  of  some  particular  function  ;  thus,  in  such  a 
plant,  there  are  cells  which  are  especially  charged  with  the 
absorption  of  the  food,  others  in  which  the  constructive  meta- 
bolism of  the  plant  is  especially  performed,  others  again 
which  are  reproductive  in  function,  and  so  on.  Further,  it  is 
usually  the  case  that  cells  of  some  one  kind  are  characteristic 
of  some  particular  part  of  the  plant ;  that  part  is  then  said  to 
be  the  organ  for  the  performance  of  the  function  for  which 
the  cells  in  question  are  especially  adapted,  a  term  which  is 
also  applied  to  any  part  of  the  protoplasm  of  a  differentiated 
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unicellular  plant  which  has  a  particular  fuoction  to  dischaige ; 
thus  the  cilia  of  the  zoospofe  of  Hsmatococcus  arc  its  motile 
organs. 

In  these  plants,  in  which,  as  we  have  seen,  the  physiologi- 
cal division  of  labour  finds  its  fullest  expression,  there  is 
necessarily  a  mutual  dependence  betu  ccn  the  various  organs  ; 
no  one  organ  can  discharf^e  its  function  unless  the  others 
discharge  theirs  in  an  adequate  manner.  It  is  important 
therefore  that  there  should  be  some  means  by  which  the 
organs,  which  are  often  widely  separated,  may  be  placed  in 
direct  communication  with  eadi  other,  and  we  find  accordingly 
that  certain  cells  are  especially  adapted  for  this  purpose,  such 
as  the  laticiferous  cells  and  vessels  which  are  present  in  many 
plants,  and  the  cells  constituting  the  fibro-vascular  tissue,  and 
it  is  further  effected  by  the  intercellular  spaces. 

We  will  now  briefly  consider  the  mode  in  which  these 
different  kinds  of  cells  are  developed*  In  these  differentiated 
multicellular  plants  the  formation  of  new  cells  is  confined  to 
certain  definite  regions,  and  at  first  the  cells  are  very  similar 
to  each  other.  A  group  of  cells  in  this  stage  corresponds  to 
an  undifferentiated  multicellular  plant,  but  important  differ- 
ences soon  uvdkc  themselves  apparent.  In  the  first  place,  it 
becomes  evident  that  the  growth  of  each  of  the  constituent 
cells  of  the  group  does  not  proceed  independently,  but  that  it 
exhibits  a  certain  correlation  with  that  of  the  others ;  such  a 
group  of  cells  we  term  a  tissue.  Secondly,  the  cells  in  their 
growth  come  to  differ  more  or  less  widely  from  each  other, 
the  form  assumed  by  each  cell  bearing  a  definite  relation  to 
the  function  w  hich  iL  is  destined  to  perform  in  the  economy  of 
the  plant.  Of  the  various  forms  w  hich  the  cells  assume,  those 
which  resemble  each  other  arc  connected  together,  so  that 
several  tissjie-sy sterns  can  be  distinguished  in  tlie  body  of  the 
plant  The  plant  is  then  said  to  exhibit  differmtiatum  of 
tissues  or  histological  differentiation,  and  this  is  the  expression 
of  the  adaptation  in  different  directions  which  the  originally 
similar  cells  have  undergone  for  the  due  performance  of  the 
various  functions  uf  the  plant. 

It  is  in  the  multicellular  plants  also  that  the  highest 
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degree  of  morphological-  difTerentiation  is  attained.   In  the 

simplest  forays,  such  as  the  CunkTvacCii:  and  Ulvaccaj,  the 
plant-body  consists  merely  of  a  filament  of  cells  in  the  one 
case  and  of  a  flattened  expansion  in  the  other.  As  we  ascend 
we  come  first  to  forms,  such  as  Oedogonium,  in  which,  although 
the  plant  is  a  cellular  filament*  there  is  a  distinction  of  base  and 
apex ;  then  to  forms  such  as  the  Characeae  and  many  of  the 
Floridese  in  which  the  body  consists  of  an  axis  bearing  lateral 
appendages;  finally  to  forms,  such  as  the  Ferns  and  the  Flower- 
ing Plants,  in  which  the  body  of  the  plant  consists  of  parts 
which  stand  in  definite  and  constant  relation  to  each  other; 
these  parts  are  distinguished  as  stem,  leaf,  and  root,  and  are 
termed  the  mefnhers  of  the  plant 

Having  now  acquired  some  elementary  general  notions  of 
the  structure  and  physiology  of  plants,  we  may  proceed  to  the 
detailed  study  of  each  of  the  functions.  Before  doing  so, 
however,  it  will  be  well  to  become  thoroughly  acquainted  with 
the  structure  of  the  living  plant-cell  such  as  we  shall  most 
frequently  meet  with,  as  well  as  with  the  properties  of  each  of 
its  constituent  parts.  This,  therefore,  will  form  the  subject  of 
the  next  lecture. 

Bibliography. 

Foster ;  Text-Book  of  Physiology,  Introductory  Chapter. 

Huxley  and  Martin Elementaiy  Biology,  Oiapters  i  and  ii. 

Rostafinski;  Quelques  mots  sur  HamaUtececus  lacustris^  MAnTde 
la  Soc  Nat  des  Sc.  Nat  de  Cherbourg,  1875 ;  also  Dyer,  Sexual 
Reproduction  of  Thallophytes,  Q.  J.  M.  S.  1S75. 

Stiashurger ;  on  Haematococcus  in  his  paper  Wirkung  des  Lichts 
und  der  Warme  auf  Scbwannsporen,  Jena.  Zeitscbr.  xii,  1878. 


Digitized  by  Google 


L£CTUR£  IL 


THE  STRUCTURK  AMD  PROPERTIES  OF  THE  PLAMT-CELL. 

From  the  preceding  lecture  we  have  learned  that  the 

cells  of  i^lants  vary  in  their  structure :  the  zoospores  of 
Hajmatococcus  afforded  exauiplcs  of  naked  or  primordial  cells 
consisting  simply  of  protoplasm,  and  Hicmatococcus  and 
Saccharomyces  of  ceils  possessing  a  cell-wall. 

An  examination  of  the  tissues  of  a  highly  ofganised  plant 
will  shew  that  a  third  form  %>f  cell  exists,  oells»  namely,  which 
consist  only  of  cell-wall  These  cells  are  necessarily  dead ; 
they  are  merely  the  skeletons  of  cells  which  once  contained 
protopkism  aiiJ  were  li\iii;[.  Still  they  arc  not  useless;  they 
give  firmness  and  rigidity  to  the  plant,  and.  as  wc  shall  see  in 
detail  hereafter,  they  are  of  importance  in  connexion  with  the 
conduction  of  water  through  the  plant. 

Since  living  cells  are^  in  the  vast  majority  of  cases,  pro- 
vided with  a  cell-wall,  our  study  of  their  structure  and 
properties  had  better  be  made  upon  such  as  have  this  com- 
position. For  this  purpose  the  cells  of  the  cortical  parenchy- 
matous tissue  of  the  stem  of  some  succulent  plant  may  be  con- 
veniently taken.  When  a  section  of  this  tissue  is  examined 
with  the  microscope  it  is  seen  (Fig.  3)  that  the  cells  are 
separated  by  cell-walls,  that  in  each  cell  there  is  a  layer  of 
protoplasm  which  is  in  contact  with  the  whole  surface  of  the 
cell-wall;  that  either  in  this  parietal  layer  or  in  a  central  mass 
of  protoplasm  which  is  connected  by  protoplasmic  strands  with 
tlie  parietal  layer  there  is  a  well-defined  somcwhal  roundish 
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gnmular  body,  the  nucleus;  and  finally,  that  the  protoplasm 
and  the  nudeas  do  not  completely  occupy  the  whole  cavity 


Fig.  3  (afier  Hanstein).  A.  A  paienchyniatoui  cell ;  at  die  exterior  is  the  ceTl- 
waU  (shaded) ;  within  this  is  the  primordial  utricle  consisting  of  two  layers, 
Ae  gctoplwiii  (left  dctr)  Md  the  endoplasm  which  is  gnnnlar  and  ooitfriM 
^ioraplij]l<ooiiNiaeIet;  the  endoptflsniic  layer  is  comwcted  by  mum  of 
bndlee  iriddi  traveiee  die  Twnolc^  widi  a  centcal  maw  of  endoplaaai  hi  which 
the  nucleus,  oont^ing  a  nncleolui^  is  embedded.  The  arrows  indicate  the 
direction  ot  currents  in  the  protoplasm.  B.  A  portiim  of  the  cell-wall  aad 
primordial  utricle  more  highly  magnified  :  i,  2,  the  common  coll-wall  of  two 
adjacent  cells  ;  3,  the  hyaline  ecloplasmic  layer;  4,  the  granular  endoplasmic 
layer,  containing  chlorophyll-corpuscles,  of  the  primordial  utricle. 

of  the  cell,  but  that  there  is  a  large  space,  the  vaciwU,  which 
is  hlkd  with  watet  >  fluid,  \ht  .C€ll-sc^.  Let  US  now  study  each 
of  these  parts  in  detail. 
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The  Cell-wall. 

The  wall  of  a  parenchymatous  cell  such  as  that  shewn  in 
Y\^.  3  will  be  seen  to  be  a  thin  and  apparently  homogeneous 
membrane.  If  it  be  treated  with  solution  of  iodine  it  will 
assume  a  yellow  colour,  and  if  a  drop  of  strong  sulphuric  acid 
be  added  the  yellow  will  be  replaced  by  a  deep-blue  colour. 
This  reaction  is  characteristic  of  cellulose,  and  we  may  there- 
fore conclude  that  the  cell-wall  consists,  principally  at  least, 
of  this  substance  which  belongs  to  the  group  of  the  carbohy- 
drates and  to  which  the  formula  xCgHj^Oj  has  been  assigned. 

In  the  cell-wall,  as  in  all  organised  structures — structures, 
that  is,  which  have  been  formed  by  living  organisms — a 
certain  proportion  of  water  is  contained  holding  small  quan- 
tities of  various  substances  in  solution.  It  has  been  found 
that  the  proportion  of  this  water  may  be  made  to  vary  within 
certain  limits  without  injury,  but  if  these  limits  be  overstepped 
disintegration  of  the  cell-wall  is  the  result.  The  variation  in 
the  amount  of  water  present  produces  a  corresponding  varia- 
tion in  the  volume  of  the  cell-wall ;  hence  the  absorption  of 


Fig.  4  (after  Dippel).   Cell  of  Equisetum  isolated  and  in  transverse  section,  Wewed 

with  crossed  Nicols. 
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water  or  imbibition  by  the  cell-wall  has  come  to  be  termed  its 
"swelling-up." 

The  cell-wall  possesses,  further,  well-defined  optical  pro- 
perties. When  examined  with  polarised  light  it  is  found  to 
be  doubly  refractive,  and,  as  von  Mohl  pointed  out,  its  refrac- 
tion is  negative  (Figs.  4  and  5). 


Fig.  5  (after  Dippel).  Transverse  section  of  a  tracheide  of  Pinus  sylvtstris  viewed 

with  crossed  Nicols. 

Fig.  6  (after  Richtcr).    Cystolith  of  Ruellia  fncta  viewed  with  crossed  Nicols. 

Accepting  for  the  present  this  brief  statement  of  the 
chemical  and  physical  properties  of  the  cell-wall  in  its  simplest 
form  without  explanation,  we  may  pass  on  to  consider  firstly 
its  formation,  and  secondly  its  growth  and  the  chemical 
and  physical  changes  which  may  accompany  it. 

With  regard  to  the  first  formation  of  the  cell-wall,  it  is 
usually  considered  that  the  cellulose  is  secreted  by  the  proto- 
plasm in  the  form  of  a  membrane  either  over  its  whole  surface, 
as  in  the  case  of  isolated  cells,  or  in  the  plane  of  division, 
as  in  the  case  of  cells  forming  part  of  a  tissue.  Schmitz 
and  Strasburger,  however,  are  of  opinion  that  the  cell-wall  is 
formed  by  the  actual  conversion  of  a  layer  of  protoplasm  into 
cellulose.  Further  details  must  be  reserved  until  wc  have 
become  acquainted  with  the  structure  of  protoplasm. 

The  growth  in  surface  of  cell-walls  is  considered  by  Naegeli 


Fig.  5. 


Fig.  6. 
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to  take  place  by  the  intercalation  of  new  solid  particles  be> 
tween  tlKMe  already  in  existence,  a  mode  of  growth  \duch.  he 
has  termed  growth  by  intussuseepium,  Strasburger  is,  however, 

of  opinion  tliat  such  an  intercalation  of  new  solid  particles 
does  not  take  place.  He  regards  the  subsequent  increase  in 
surface  of  the  cell-wall  to  be  either  merely  a  phenomenoa  of 
imbibition,  or  to  be  due  to  stretching. 

The  growth  in  thickness  of  cell-walls,  and,  we  may  add» 
the  increase  in  bulk  of  starch-grains,  is  brought  about,  ac- 
cording to  Dippel,  Schmitz,  Strasburger,  and  others,  by  the 
repeated  formation  of  laminae,  of  cellulose  in  the  one  case 
and  of  starch  in  the  other,  in  the  manner  described  above. 
These  laminae  are  deposited,  in  the  case  of  cell-walls,  on  the 
inside  of  those  previously  formed ;  in  the  case  of  starch- 
grains,  on  the  exterior  of  the  grain.  This  mode  of  growth  is 
termed  growth  Ity  afpasithn, 

A  thickened  cell-wall  always  exhibits  eWdent  hetero- 
geneity of  structure.  The  wall  of  a  bast-fibre,  for  instance^ 
seen  from  the  surface,  presents  a  number  of  lines  crossing  it 
obliquely  or  even  at  right  angles  to  its  long  axis ;  tliese  con- 


Fio.  7.  Fig.  8. 


FlO*  7  (ifter  Naegeli).   Cell- wall  seen  from  the  surface,  shewing  atriatUMl : 
A  oblique,  £  transverse  ;  a,  lumen  of  celL 

FK>.  8  (after  Sachs).  Transverse  section  of  cell  wall,  shewing  stratificntioa: 
s/>,  split  uf  the  wall  into  two  aheUtj  IC,  canals  txaTOBliig  its  thirlrnf  ii : 
/,  lumen  of  cell. 

stitute  what  is  known  as  the  striation  of  the  cell-wall  (Fig.  7). 
Seen  in  transverse  section  the  wall  presents  a  number  of  con- 
centric layers  which  constitute  its  straHficaHon  (Fig.  8).  Naegeli 
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accounted  for  these  appearances  by  ascribing  them  to  an 
unequal  distribution  of  water  and  of  solid  matter  in  the  cell- 
wall,  some  parts  containing  a  larger  proportion  of  solid 

matter,  others  a  larger  proportion  of  water.  On  this  view  the 
striae  mentioned  above  are  the  expression  of  the  alternation 
of  more  and  less  dense  layers  in  planes  inclined  to  its  long 
axiSy  and  the  concentric  layers  of  the  alternation  of  more  or 
less  dense  layers  from  within  outwards.  Dippel  and  Stras- 
burger  explain  these  appearances  in  altogether  a  different 
way.  They  have  come  to  the  conclusion  that  a  cell-wall^  or 
rather  each  of  the  concentric  layers  of  a  thickened  cell-wall, 
consists  of  a  number  of  spirally-wound  bands,  and  that  llie 
stria;  of  the  cell-wall  arc  the  planes  of  cuiU.ict  of  these 
bands.  With  regard  to  the  stratification,  if  the  growth  in 
thickness  of  the  cell-wall  by  apposition  be  assumed,  the  con- 
centric layers  correspond  to  successive  laminae. 

It  may  be  stated  generally  that  the  growth  in  thickness 
of  cell-walls  is  accompanied  by  changes  in  their  physical 
properties,  or  in  their  chemical  composition,  or  in  both.  The 
formation  of  mucilage  and  of  gum,  for  instance,  depends 
upon  an  alteration  of  tlie  cell-wall  which  increases  its  capacity 
for  absorbing  water,  and  this  is  so  great  in  certain  cases  that 
the  cell-wall  becomes  actually  soluble:  but  this  modification 
of  its  physical  properties  is  not  accompanied  by  any  change 
in  the  ultimate  chemical  composition  of  cellulose^  though 
doubtless  by  an  alteration  in  its  molecular  constitution. 

It  must  not  be  assumed)  however,  tliat  a  cell-wall  always  consists  of 
cellulose  at  its  first  formation ;  it  may  consist  from  the  beginning  of  a 
substance  other  than  cellulose.  This  may  be  observed,  for  instance,  in 
the  extine  of  some  pollen-grsuns,  the  exospore  of  spores,  which  give  from 
the  first  the  reactions  of  cuticle. 

Mucilage  is  found  in  various  parts  of  plants ;  in  seeds,  notably  in  those 
of  the  Quince  and  in  Linseed ;  in  the  roots  of  the  Marsh-Mallow ;  in  the 
fruits,  stems,  and  leaves  of  various  plants.  In  seeds  it  is  derived  from 
the  middle  layers  of  the  thickened  walls  of  the  epidermal  cells.  The 
various  kinds  of  Gum  are  produced  by  the  alteration  of  the  whole  wall 
of  the  parenchymatous  cells  which  form  the  pith  and  medullary  rays  of 
certain  plants,  most  of  which  belong  to  the  Leguminosne  nnd  Rosnren?. 

Frnnk  considers  that  mucilage  is  not  a  definite  rhrmicn]  substance, 
but  in  some  cases  a  form  of  cellulose,  in  others  a  form  of  gum;  he  is 
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also  of  opinion  that  gum  is  not  necessarily  a  degradation-product,  Iwt 
that  it  may  be  a  normal  constituent  of  the  cell-wall. 

Kirchner  has  o!)t:iined  from  Quince  seeds  a  substance  which  he 
believes  to  be  pure  mucilage.  He  regards  it  as  a  compound  of  gum  and 
cellulose,  and  assigns  to  it  the  formula  Ci,Hj,Oi4.  On  boiling  with  dilute 
hydrochloric  acid  it  decomposes  mto  cellulose  and  gum  according  to  the 
following  equation : 

Cellulose.  Gum. 

QftHaOu  +  HtO  -  C,H|»Ot  -f-  3C«HmO» 

The  substance  known  as  Pectose  (Fr^my),  which  is  to  be  found  in 
many  parts  of  plants,  more  especially  in  unripe  fruits  and  in  bulbous 
roots,  is  allied  to  mucilage;  it  is  piobahle  that  this  substance  is  also 
derived  from  cellulose 

In  most  cases,  however,  the  modification  of  the  physical 
properties  of  the  cell-wall  is  correlated  with  a  considerable 
alteration  in  its  ultimate  chemical  compo.sition,  inasmuch  as  it 
is  due  to  the  presence  of  substances,  either  organic  or  inor- 
ganic, which  are  chemically  different  from  cellulose.  The  larger 
the  proportion  of  these  substances  present,  the  more  complete 
is  the  modification  of  the  physical  properties  of  the  celUwali ; 
and  conversely,  inasmuch  as  a  certain  proportion  of  cellulose 
is  always  present  in  the  chemically  altered  cell-wall,  it  always 
exhibits  in  some  degree  the  ph}sical  properties  which  wc 
have  found  to  be  characteristic  of  unaltered  cell-walls. 

The  organic  substances  which  occur  in  altered  cell-walls 
are  suderin  and  lignin,  and  cell-walls  containing  these  sub* 
stances  are  said  to  be  cutkularised  and  lignified  respectively. 
These  substances  have  a  larger  proportion  of  carbon  in  the 
molectile  than  cellulose  has.  The  cell-walls  in  which  they  are 
present  in  any  considerable  quantity  do  not  ^ve  the  blue 
colour  when  treated  wiili  iodine  and  sulphuric  acid  ,  ihcir 
presence  diminishes  the  capacity  of  the  cell-wall  for  absorbing 
water,  and,  in  the  case  of  cuticularised  celi-walis,  tlieir  optical 
properties  are  modified. 

It  is  not  yet  possible  to  account  satisfactorily  for  the 
presence  of  these  substances  in  cell-walls.  They  are  probably 
the  result  of  the  modification  of  the  cell-wall»  and  not  oT 
infiltration.  It  is  not  easy  to  connect  their  production  with 
the  metabolic  activity  of  the  protoplasm,  for  it  has  been  ob- 
served that  lignification  takes  place,  in  Conifers  at  least,  after 
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the  cells  have  lost  their  pratoplasmic  contents;  but  it  must  be 
borne  in  mind  that  their  formation  can  only  take  place  in  a 

living  plant. 

The  epidermal  cells  of  leaves  afford  good  examples  of 
cuticularisation.  If  a  section  of  a  coriaceous  leaf  be  treated 
with  iodine  and  sulphuric  acid,  it  will  be  found  that  the  thick- 
ened external  walls  of  the  epidermal  cells  present  a  series  of 
layers  which  have  assumed  a  blue  colour,  the  colour  being 
most  intense  in  the  most  internal  layer,  and  becoming  gradu- 
ally less  evident  towards  the  free  surface,  the  external  layers 
shewing  it  scarcely  at  all.  From  this  it  appears  that  the  pro- 
portion of  suberin  to  cellulose  gradually  increases  from  the 
internal  to  the  external  layers.  The  cuticularised  external 
layers  of  the  walls  of  adjacent  cells  may  be  easily  peeled  off 
over  considerable  areas  of  the  epidermis  as  a  continuous 
membrane,  interrupted  only  by  the  stomata;  to  this  the  name 
of  cuticle  is  given.  Cork  also  consists  of  cells  the  walls  of 
which  have  undergone  cuticularisation ;  but  here  the  whole 
extent  of  the  cell-wall  is  affected,  and  not  merely  a  part  of  it 
as  in  the  epidermal  culls.  In  the  case  of  cork  cells  which  are 
in  contact  with  other  cells  on  all  sides,  the  most  external 
layer  of  the  cell-wall  is  lignihcd  to  form  the  tniddle  lamella. 
The  effect  of  cuticularisation  is  to  make  the  cell-walls  more 
resistent  both  chemically  and  physically ;  thus  the  cuticle  and 
the  walls  of  old  cork-cells  are  not  affected  by  treatment  with 
mineral  acids,  nor  are  they  soluble  in  ammoniacal  solution  of 
cupric  oxide;  their  double  refraction  fs  well  marked,  and, 
instead  of  being  negative  like  that  of  uiKiltercd  cell-walls,  it  is 
positive;  they  are  more  elastic  tlian  ordinary  cell-walls;  their 
capacity  for  taking  up  water  is  very  small,  so  small,  in  fact, 
that  they  may  be  regarded  as  almost  impermeable  to  water. 
This  impermeability  to  water  doubtless  depends  to  some 
extent  upon  the  presence  of  wax  or  of  resinous  substances 
which  prevent  direct  contact  between  the  membrane  and  the 
fluid. 

t  rcmy  isolated  the  cuticle  of  various  leaves ;  after  he  had  removed 
foreign  bodies  as  far  as  possible,  a  substance  remained  to  which  he  gave 
the  name  of  Cutin.   Von  Hohncl  has  recently  found  that  the  walls  of 
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corfc«el]$  contain  a  substance  to  whidi  he  gives  the  name  of  Subertn, 
and  he  points  out  that  Cntin  and  Suberin  are  closely  aDied  if  not  identical 
substances.  This  is  shewn  by  theur  chemical  composition  and  by  their 
properties: 


both  cuticle  and  cork  give  eerie  add  (Doepping)  (impure  suberic  acid, 
CsHuOa?)  when  treated  for  a  considerable  time  with  nitric  add,  or  with 
nitric  acid  and  potassic  chlorate  (Schulti*s  mixture) ;  when  heated  with 
strong  solution  of  caustic  potash  a  soap  is  formed  in  both  cases.  It  was 
thought,  in  accordance  with  de  Bary's  researdies,  that  the  presence  of 
wax  in  or  upon  cuticularised  epidermal  cells  was  a  feature  which  clearly 
distinguished  cuticularised  cdls  ftom  corky  cells,  and  a  similar  view  was 
also  held  with  regard  to  theprttence  of  silica  in  the  cell- wall;  von  Hohnel 
has,  however,  shewn  that  wax  is  present  in  the  walls  of  the  cork-cells  in 
the  Willow,  and  silica  in  those  of  a  number  of  plants.  There  is,  there- 
fore, a  considerable  body  of  evidence  in  favour  of  von  Hohuel's  view  as 
to  thr  iiUiitity  of  cutin  and  suberin.  It  is  of  interest  to  note  that  suberin 
appears  to  be  a  substance  intermediate  between  cellulose  and  ve^getable 
wax. 

Cells  with  lignified  walls  occur  very  commonly  in  plants, 
not  only  in  the  wood,  of  which  they  arc  especially  character- 
istic, but  also  in  the  bast  (usually  the  bast-fibres)  and  in  the 
ground-tissue  (sclerenchyma).  They  can  usually  be  readily 
distinguished  in  a  section  on  account  of  the  yellow  or  brown 
bolour  which  is  given  to  them  by  the  lignin,  but  if  the  propoi^ 
tion  of  lignin  is  small,  the  cell-wall  remains  uncoloured.  In 
this  case  the  presence  of  Hgnin  can  be  readily  demonstrated 
by  treating  the  section  with  a  solution  of  anilin  chloride 
acidified  with  hydrochloric  acid ;  this  reagent  produces  a 
bright  golden-yellow  colour  in  cell-walls  which  contain  even  a 
trace  of  lignin.  As  in  cuticularised  cells,  so  also  in  lignified 
cells  the  alteration  of  the  cell-wall  is  most  marked  in  its  ex- 
ternal layer,  and  least  in  its  internal  layer.  The  external 
layer  oi"  ihc  cell-wall  (foniiiiii;  the  iinddlo  lamella)  resists  the 
action  of  strong  sulphuric  acid,  but  is  dissolved  by  heating 
with  Schultz's  mixture,  whereas  the  internal  layer  dissolves 
in  the  strong  sulphuric  acid  but  resists  treatment  with  Schultz's 
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mixture ;  the  intermediate  layer  is  affected  to  some  extent  by 
both  these  reagents.  The  effect  of  h'gnification  is  to  make 
the  cell-wall  harder  and  more  elastic,  and  to  diminish  its 
capacity  for  absorbing  water,  without,  however,  rendering  it 
impermeable :  on  the  contrary;  it  is  a  characteristic  property 
of  a  lignified  cell-wall,  as  Sachs  has  shewn,  that  water  readily 
traverses  it  The  importance  of  this  property  will  become 
apparent  hereafter  when  we  are  discussing  the  movement  of 
water  in  plants. 

Lignin  cannot  be  regarded  as  a  definite  chemical  compound :  the 
name  includes  probably  a  number  of  different  substances  which  are 
fonned  by  the  gradual  alteration  of  cellulose  in  the  process  of  lijxnifica- 
tion.  Since  treatment  with  solution  of  potash  or  with  nitric  acid  does 
not  disorganise  thclignified  ccll-wnll  although  it  removes  about  one-tenth 
of  Its  substance,  there  is  reason  to  believe  that  the  lignin  substances  are 
chemically  combined  with  the  cellulose.  It  has  been  suggested  that 
cellulides  are  present,  that  is,  compounds  of  cellulose  with  aromatic 
bodies :  and  since  treatment  of  the  cell-walls  with  hydrochloric  acid  or 
with  chlorine  sets  free  a  substance  which  reduces  cupric  oxide,  it  seems 
probable  that  glucosides  may  be  present  also.  Erdmann  considers  that 
he  has  obtained  from  pine-wood  a  definite  substance  to  which  he  gives 
the  name  of  Glycolignose.  When  boiled  with  dilute  hydrochloric  add  it 
is  decomposed  according  to  the  equation 

C^,H«0„  +  2H,0  =  aCHttO.  +  CuH^jOa  (Lignose) : 

and  when  lignose  is  decomposed  by  long-continued  boiling  with  dilute 
nitric  acid  the  following  change  is  effected  : 

CtsHaOu  +  O    2C«HtfO«  (CeUulose)  +  C«H«0«  (Pyiocatechin) : 

thus  glycolignose  appears  to  be  a  glucosides  and  lignose  a  cellulide* 

The  inorganic,  or  rather  the  mineral  substances  which  arc 
found  deposited  in  cell-walls  are  principally  silica  and  salts  of 
calcium;  iron,  manganese,  aluminium  have  also  been  detected. 
Cell-walls  which  contain  these  substances,  leave,  after  com- 
bustion, a  considerable  ash ;  in  some  cases  the  ash  forms  a 
complete  skeleton  of  the  tissue. 

Silica  especially  occurs  in  the  cuticularised  walls  of  epi- 
dermal cells,  but,  as  we  have  already  seen,  it  is  not  confined 
to  them.  The  amount  present  is  often  very  large;  thus 
Struve  found  that  it  constitutes  99  per  cent  of  the  dry 
epidermis  of  Calamus  Rotang, 
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The  exact  form  in  which  silicon  is  present  in  cell-walls  is  not  yet 
ascertained ;  that  is,  whether  it  is  present  as  particles  of  silica  deposited 
between  those  of  the  oxiganic  substance^  or  whether  it  enters  into  the 
chemical  composition  of  the  organic  substance,  forming  possibly  a  silicon 
cellulose.  The  silica  may  be  removed  from  the  cell-irall  by  treatment 
with  hydrofluoric  acid,  without  disorganising  it* 

Hie  salts  of  calcium  which  are  found  in  cell-walls  are  the 
oxalate  and  the  carbonate.  Calcium  oxalate  occurs  either  in 
the  form  of  minute  ^anules  or  as  distinct  crystals,  in  various 

parts  of  a  ^^rc.il  iiuiubci  of  plants  ;  for  instance,  in  ihc  walls 
of  the  epidermal  cells  of  many  Conifers  and  of  species  of 
Sempervivum  and  Mesembryanthemum,  in  the  bast-fibres  of 
many  Taxineae  and  Cupressineae,  in  the  cortex  of  many 
Gymnosperms  and  species  of  Acer,  Fagus,  Salix,  and  in  all 
parts  of  Welwitschia  and  other  Gnetaceae  (Solms^Laubach). 
Calcium  carbonate  is  frequently  present  in  the  walls  of  hairs, 
but  it  is  more  especially  deposited  in  the  fngfrowths  of  the 
cell-wall,  known  as  cj  siu/i,'/ds,  which  are  found  in  the  epidermal 
cells  of  the  Urticaceae  and  in  almost  all  the  tissues  of  the 
Acanthaceas ;  it  occurs  either  as  granules  or  as  small  crystals. 

It  is  still  an  open  question  whether  calcium  carbonate  in  cystoliths 
exists  in  an  amorphous  or  a  crystalline  form.  Weiss,  and  more  recently 
Richter  (see  Fig.  6),  have  found  that  cystoliths  are  doubly  refractive^  and 
they  conclude  that  the  calcium  carbonate  is  present  in  the  crystalline  fom ; 
but  this  observation  has  not  been  confirmed  by  other  observers,  such  as 
Sachs  and  Mebiikofl*. 

Calcium  carbonate  is  often  found  as  an  incrustation  on  the 
surface  of  plants.  In  some  cases  it  is  evident  that  the  incrus- 
tation has  been  formed  by  the  evaporation  of  water,  holding 
the  salt  in  solution,  which  had  been  excreted  by  the  plant : 

in  the  cases  of  submerged  plants,  it  is  possible  that  the  calcium 
carbonate  may  be  deposited  on  the  surlace  in  consequence  of 
the  absorption  of  carbonic  acid  from  the  water  by  the  plant. 

We  have  assumed,  so  far,  that  the  cell-wall  is  a  closed 
membrane,  which  shuts  off  the  contents  of  one  cell  from 
those  of  adjoining  cells ;  but  this  is  by  no  means  always  the 
case.  The  sieve-iubes,  for  instance,  consist  of  cells  placed  end 
to  end»  the  transverse  walls  of  which  are  perforated  so  that  a 
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continuity  of  the  protoplasm  of  the  cells  of  the  row  can  be 
readiiy  observed  ;  in  the  case  of  the  vessels  of  the  wood  and 
of  the  iaticiferous  vessels,  the  separating  walls  have  been 
entirely  absorbed,  so  that  these  structures  are  spoken  of  as 
ceU-fusiom.  Even  in  parenchymatous  cells  a  conununication 
of  the  protoplasm  of  adjoining  cells  has  been  observed ;  by 
Tangl,  for  instance,  in  the  endosperm  of  certain  seeds,  by 
Gardiner,  in  the  contractile  or^an  at  the  base  of  the  petiole 
of  Mimosa,  and  by  Fromniann  in  epidermal  cells.  It  is 
probable  that  this  is  the  case  far  more  commonly  tlian  is 
usually  supposed,  for  the  walls  of  most  parenchymatous  cells, 
when  treated  with  appropriate  reagents  (potash  or  Schultz's 
solution),  shew  what  are  apparently  thinner  areas*  (pits) 
through  which  the  protoplasmic  filaments  might  be  supposed 
to  pass. 

The  Pr&topkunu 

The  protoplasm  of  the  cell  under  consideration  fFij^.  3) 
forms,  as  has  already  been  pointed  out,  a  layer,  formerly 
termed  the  primordial  utricle^  which  closely  lines  the  cell-wall, 
and  which  is  connected  by  means  of  bridles  with  a  mass 
towards  the  middle  of  the  cell  in  which  the  nucleus  is  im- 
bedded. Careful  examination  of  the  peripheral  layer  shews 
that  it  consists  of  two  layers,  an  outer  hyaline  and  firm,  in 
close  contact  with  the  cell- wall,  an  inner  granular  knd  some- 
what fluid  ;  the  former  may  be  distinguished  as  the  ectoplasm 
(Aautschicht),  the  latter  as  the  endoplasm.  The  granular  ap- 
pearance of  the  endoplasm  is  due  to  the  presence-  of  minute 
solid  particles  of  ofganic  and  inoiganxc  substances,  drops  of 
oil,  etc,  wliich  may  be  distinguished  from  the  protoplasm  itself 
as  metapkam  (Hanstein),  and  also  to  the  presence  of  minute 
coriniscles,  termed  micro  soma  ta,  which  are  probably  to  be 
rej^arded  as  part  of  the  protoplasm.  Very  commonly  the 
endoplasm  i-  i)oimded  towards  the  vacuole  by  a  hyaline  firm 
layer  resembling  the  ectoplasm  which  bounds  it  towards  the 
cell-walL 

This  distinction  of  la3rers  is  all  that  can  be  made  out  as  to 
the  structure  of  the  protoplasm  when  the  cell  is  examined 
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under  ordinary  circumstances.  Frommann,  Schmitz,  Stras* 
burger  and  others  have  succeeded,  however,  by  carefully 

hardeningf  the  tissue  and  staining  the  sections,  in  detecting 
a  more  intimate  structure.  In  a  young  parenchymatous  cell, 
for  instance,  which  is  entirely  filled  with  protoplasm,  the 
endoplasm,  after  hardening  and  staining,  presents  a  deeply- 
stained  fibrillar  network,  the  meshes  being  occupied  by  an 
unstained  more  fluid  substance ;  the  ectoplasm  presents,  not 
a  reticulate  but  a  finely  punctated  appearance.  As  the  cell 
increases  in  size,  lacunae  are  formed  in  the  endoplasm  which 
coalesce  to  form  the  vacuuic,  and  the  protoplasm  (Fig.  3)  con- 
stitutes the  primordial  utricle  and  the  bridles,  as  mentioned 
above.  The  reticulate  structure  has,  at  this  stage,  almost 
entirely  disappeared,  but  it  may  sometimes  be  observed  in  the 
endoplasmic  layer  of  the  primordial  utricle ;  the  more  delicate 
bridles  appear  to  be  quite  homogeneous,  whereas  the  stouter 
ones  present  a  finely  punctated  appearance. 

The  general  conception  of  the  structure  of  protoplasm 
which  these  observations  enable  us  to  form  is  this;  that  it 
consists  of  a  reticulum  of  fibrill^,  enclosing  a  more  fluid  sub- 
stance in  its  meshes,  and  that  its  consistency  varies  with  the 
size  of  the  meshes,  that  is,  with  the  proportion  of  solid  and 
fluid  substance  of  which  it  is  made  up.  It  is  probable  that  all 
actively  living  protoplasm  possesses  this  structure. 

With  Regard  to  its  physical  properties,  protoplasm,  like 
other  organised  bodies,  is  capable  of  swelHng-up,  but  it  has  no 
effect  upon  polarised  light. 

Chemically  considered,  protoplasm,  apart  from  the  mcta- 
plasm  and  from  the  substances  which  are  held  in  solution  in 
the  water  which  saturates  it,  consists  of  a  mixture  of  sub- 
stances which  are  known  as  proteids.  If  a  cell  which  con- 
tains abundant  protoplasm  be  treated  with  a  dilute  solution 
of  potash,  it  will  be  found  that  a  considerable  quantity  of  the 
protoplasm  has  been  dissolved,  having  a  firm  framework  or 
reticulum  behind,  which  is  dissolved  on  boiling  in  strong 
potash.  We  may  thus  distinguish  two  groups  of  i)roteids  in 
the  protoplasm,  namely,  those  which  are  and  those  which  are 
not  soluble  in  dilute  potash.  To  tiie  second  of  these  two  groups 
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belongs  the  substance  (or  mixture  of  substances)  to  which 
Reinke  has  given  the  name  of  plastin ;  to  the  first  belong 
the  proteids  termed  globulins  (Hoppe-Seyler),  which  are  also 
soluble  in  solutions  of  common  salt,  and  the  peptones,  which 
are  also  soluble  in  water  and  are  not  precipitated  from  their 
solution  on  boiling.  These  proteids  all  consist  of  Carbon, 
Hydrogen,  Nitrogen,  Oxygen,  and  Sulphur,  and,  according  to 
Reinke,  plastin  contains  Phosphorus  in  addition. 

Reinke  studied  the  composition  and  properties  of  plastin  obtained 
from  the  Plasmodium  of  ^thallum,  a  myxomycetous  Fungus.  The  pro- 
bable presence  of  phosphorus  in  its  molecule  is  of  interest,  in  that  it 
suggests  a  relation  t>etween  the  plastin  of  the  protoplasm  and  the  nudeln 
(see  infrd^  of  the  nucleus.  Globulins  have  been  obtained  by  Hoppe- 
Seyler  from  buds  and  young  shoots  of  plants,  and  they  are  especiaJIy 
abundant  in  seeds.  Peptones  have  not  been  found  in  quantity  in  any 
parts  excepting  seeds,  in  which  they  are  always  present  and  are  usually 
abundanL 

This  chemical  analysis  of  the  protoplasm  in  the  cell 
throws  some  light  also  upon  the  physiological  relation  of  the 
various  proteids  to  each  other.  We  find  tliat  whereas  in  a 
young  growing  cell  the  quantity  of  proteids  present  is  con- 
siderable, it  gradually  diminishes  as  the  ceil  grows  older, 
until,  when  the  cell  has  ceased  to  grow,  the  protoplasm  con- 
•  sists  of  little  more  than  the  plastin-framework.  The  cell 
shewn  in  fig.  3  has  reached  this  stage.  It  appears  probable, 
therefore,  thai  llic  plastm  h  anicwork  is  the  actual  Hvinf^  proto- 
plasm, the  organised  proteid  of  the  cell,  whereas  the  gl <  lMilins 
(and  peptones,  if  present)  arc  dead  or  wiorganised  proteid, 
the  enchylema  of  Hanstein.  Reinke  found  in  his  researches 
on  iCthalium  that  the  unorganised  proteid  could  be  ex- 
tracted from  the  Plasmodium  by  simply  squeezing  it.  A 
mechanical  anal3rsis  of  this  kind  takes  place  in  the  ripening 
of  seeds.  In  a  cell  of  a  ripe  seed  it  is  found  that  the  glo- 
bulins and  peptones  arc  deposited  in  the  form  of  {granules 
(aleuroMc-grains)  in  the  meshes  of  the  plastin-framework. 

In  addition  to  the  protoplasm,  as  described  above,  the 
cells  of  the  higher  plants  commonly  contain  differentiated 
protoplasmic  bodies,  which  may  contain  a  colouring  matter 
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(chlorophyll  or  etiolin)  or  may  be  colourless ;  the  former  are 
termed  chlorophyll'  (or  etiolin^)  corpuscles,  the  latter  starch- 

forviing-corpiiscles  or  aviyloplasts.  Their  structure  and  general 
chemical  composition  are  probably  the  same  as  those  of  the 
protoplasm. 

A  few  words  may  be  added  here  with  reference  to  the  microsomata. 
These  are  minute  particles  of  an  irregularly  rounded  or  somewhat 
elongated  fonn  :  they  stain  readily,  and  arc  cvidcnlly  of  a  protoplasmic 
nature.  As  already  mentioned,  they  occur  especially  in  the  endoplasm, 
but  they  arc  to  be  found  occasionally  in  the  ectoplasm.  Schmitz  has 
observed  tlud  ui  protoplasm,  which  presents  a  distinct  hbrillar  reticulum, 
the  microsomata  appear  to  be  attaclicd  to  the  fibrillar;  he  compares  them 
to  the  chromatin-granules  of  the  nucleus  (see  infra).  They  play  an 
important  part  in  connexion  with  the  formation  of  the  ceU^wall.  When  a 
mass  of  protoplasm  is  about  to  surround  itself  with  a  ceU-wall,  the  ecto- 
plasm becomes  filled  with  microsomata,  and  simihurly  in  cell-division  the 
cell-platet  from  which  the  wall  is  formedt  is  made  up  of  microsomata. 
The  microsomata  coalesce  laterally  and  become  altered  into  cellulose. 
This  is  clearly  shewn  in  the  case  of  cell-walls  which  present  oblique 
striation.  Strasburger  observed  in  the  finely  striated  cells  of  Pinus  syi- 
vestris  that  the  microsomata  are  arranged  in  spiral  rows,  corresponding' 
to  the  planes  of  striation  seen  in  the  cell-wall,  and  it  appears  that,  in  the 
formation  of  a  layer  of  the  cell-wall,  the  microsomata  of  each  row 
coalesce  to  form  a  spiral  band  of  cellulose;  in  more  coarsely  striated 
cell-walls,  several  adjacent  rows  of  microsomata  coalesce  laterally  to  form 
a  single  spiral  band.  * 

Tlie  Nucletis, 

The  nucleus  (Fig.  3)  is  a  body  of  a  somewhat  oval  form 
which  can  be  readily  distinguished,  on  account  of  its  being 
more  highly  refractive,  from  the  protoplasm  by  which  it  is 
surrounded.  Its  outline  is  definitely  marked  owinc^  to  its 
structure  bcin«^  more  firm  towards  the  periphery.  In  the 
interior  of  the  nucleus  there  is  a  distinct  rounded  body  the 
nucUolus;  it  frequently  happens  that  two  or  more  nucleoli 
are  present.  Besides  this,  the  ground-substance  of  the 
nucleus  usually  contains  a  number  of  granules,  but  in  some 
cases  it  can  be  made  out  that  It  is  traversed  in  all  directions 
by  trabecular  fibres,  which  form  a  reticular  frame-work  within 
it,  the  meshes  of  which  are  larger  towards  the  centre  and 
smaller  towards  the  periphery. 


Digitized  by  GoOgI( 


THE  PLANT-CELL. 


27 


Flemming  considers  that  isolated  s^ranulcs  are  never  to  be  found  in 
nuclei :  he  regards  the  apparent  granules  as  being  the  transverse  sections 
of  the  trabecular  fibres.  Strasburger  is  of  opinion  that  the  recticuluia  is 
in  reality  a  single  coiivolutcd  fibre,  consisting  of  protoplasm  (nuclec 
plasma)  in  which  microsomata  are  imbedded;  the  nucleoli  are  large 
microsomata. 

Chemically  considered  the  nucleus  appears  to  consist, 
principally  at  least,  of  a  substance  termed  nuclHttt  which  is 
allied  to  the  proteids,  but  differing  from  them  in  that  it 
contains  phosphorus  but  no  sulphur.  Miescher  ascribes  to  it 
the  formula  C^H^N^PjOa. 

Fleininitr^;  finds  that  there  is  a  substance  present  in  the  nucleolus 
and  in  the  tVame-work  which  stains  readily  when  treated  with  various 
colouring-matters  (h«ematoxylin,  safranin,  nigrosin)  ;  to  this  he  gives  the 
naTne  of  chromatin^  the  substance  which  docs  not  stain  being  termed 
achfuijs  xtin.  These  substances,  or  at  any  rate  chromatin,  may  be  bodies 
of  defiuiic  ulicniical  constiiuiion. 

According  to  Zachanas,  the  more  solid  parts  of  the  nucleus  consist  of 
plastin  and  of  ouclein ;  the  nucle'in  he  considers  to  be  the  chromatin  oi 
Ftenuning. 

The  tact  that  a  nucleus  has  now  been  found  in  almost 
all  living  cells  seems  to  shew  thit  the  presence  of  such  a 
body  is  of  importance  to  the  life  of  the  cell»  but  it  is  not  yet 
possible  to  ascribe  to  it  any  definite  function.  It  is  the 
general  rule  that,  in  the  process  of  cell-division,  the  division 
of  the  nucleus  precedes  that  of  the  protoplasm,  and  this, 
together  with  the  fact  that  the  granules  in  the  protoplasm 
may  frequently  be  seen  to  be  arranged  in  lines  radiating  from 
the  nucleus,  would  seem  to  indicate  that  the  nucleus,  is  the 
centre  of  the  molecular  forces  of  the  cell.  Strasburger  and 
Schmitz  have  however  come  to  the  conclusion  that  the  proto- 
plasm is  the  active  agent  in  cell-division,  and  that  the  division 
of  the  nucleus  is  induced  by  that  of  the  protoplasm.  It  has 
been  suggested  that  the  nucleus  is  of  importance  in  con- 
nexion with  the  nutrition  of  the  cell,  a  view  which  is  sup- 
ported by  the  fact  that  when  cells  attain  a  very  great  size 
{e.g,  Vaucheria-filaments,  hyphai  of  Fungi,  laticiferous  cells) 
they  become  multinucleate.  Strasburger  is  of  opinion  that 
it  is  especially  connected  with  the  formation  of  protetd-matter 
in  the  cell  (see  Lecture  IX.}* 
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The  Vacuole  and  the  Cell-Sap. 

In  a  very  young  ceil  the  protoplasm  and  the  nucleus 
fiil  the  whole  cavity  so  that  no  vacuole  is  apparent  At 
an  early  period  lacuna  containing  watery  fluid  make  their 
appearance  in  the  protoplasm ;  then,  inasmuch  as  the  growth 
of  the  protoplasm  does  not  keep  pace  with  that  of  the  cell-wall 
and  iiuibinuch  as  the  peripheral  portion  of  the  protoplasm 
always  remains  in  direct  contact  with  the  cell-wall,  these 
lacuna;  become  larger  and  fuse  so  as  to  form  one  continuous 
vacuole  which  is  traversed  here  and  there  by  bands  of  proto- 
plasm which  connect  the  peripheral  layer  (primordial  utricle) 
with  a  more  or  less  centrally  placed  mass.  It  occurs^  not 
uncommonly,  that  ultimately  tlie  whole  of  the  protoplasm  is 
required  toform  the  primordial  utricle,  and  in  such  a  case 
the  nucleus  is  parietal. 

The  cell-sap,  the  watery  fluid  which  saturates  the  proto- 
plasm and  the  ceil-wail  and  occupies  the  vacuole,  consists 
of  water  holding  in  solution  a  number  of  both  organic  and 
inorganic  substances,  which  have  either  been  formed  and 
thrown  off  by  the  protoplasm,  or  have  yet  to  be  absorbed 
and  elaborated  by  it  The  principal  oi^anic  substances  are 
the  following ;  a  substance  which  reduces  alkaline  cupric 
solutions,  to  ^\hich  the  general  term  "sugar"  may  be  applicc!  ; 
organic  acids,  either  free  or  in  the  form  of  acid  salts,  for  the 
cell-sap  reddens  litmus-paper :  colouring  matters,  in  the  cell- 
sap  of  many  cells :  crystallisable  nitrogenous  bodies,  such  as 
asparagin,  leudn,  tyrosin,  especially  in  organs  in  which  meta- 
bolism is  active.  The  inorganic  substances  are  probably 
salts  of  potassium  and  sodium,  chiefly  nitrates,  chlorides 
and  sulphates. 

The  principal  forms  of  fnxBU  and  its  allied  bodies  (carbofaydintes) 

which  occur  in  the  cell-sap  are:  cane-sugar  (sucrose  or  saccharose), 
CuHxiO|0>  which  redurr  the  alkaline  cupric  solution  only  after  prolonged 
boiling;  mannite  (C«HmO«)  and  inulin  (C,H,oO«)  which  do  not  reduce  the 
alkaline  cupric  solution ;  inulin  is  deposited  on  treating  the  tissues  with 
alcohol,  in  the  form  of  sphxrocrystals :  ^^lycoi^en  (CrHuO.  ',  which  forms 
an  opalescent  aqueous  solution,  and  does  tkjI  reduce  the  cupric  solution 
on  boiling :  gltuosi  (C«HuO«),  which  readily  reduces  the  alkaline  cupric 
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solvtion  on  boUing;  of  this  then  are  two  varieties,  dextrose  or  grape- 
sugar,  which  rotates  the  plane  of  polarisation  to  the  right,  and  tenmhse^  * 
which  rotates  it  to  the  left. 

Of  the  colouring-niatters  of  plants  some,  such  as  the  green  (chloro- 
phyll) and  the  yellow,  are  deposited  in  corpuscles  of  a  protoplasmic 
nature,  whereas  the  others,  especially  the  red  and  blue,  are  dissolved  in 
the  cell-sap.  It  is  to  the  presence  of  colouring-niatters  in  solution  in 
the  cell-sap  that  the  colours  of  petals  etc.  are  principally  due. 

It  hpi<^  been  found  that  the  orf^'anic  acid  which  is  most  commonly 
present  m  solution  in  the  cell-sap  is  malic  acid:  tartaric  and  citric  acids 
frequently  occur. 

Solid  bodies  are  also  cominonlyr  present  in  the  vacuole ; 

tor  instance,  starch-giains,  alcuronc-j^^raiiis  (in  scctls),  and 
crystals  of  calcium  carbonate  or  oxalate.  Calcium  oxalate 
frequently  occurs  in  the  form  of  a  bundle  of  acicular  crystals 
which  have  been  termed  raphides. 
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LECTURE  IIL 

THE  STRUCTURE  AND  PROPERTIES  OF  TiiE  I  LANT-CELL 

(cotUimied). 

I.    The  Molecular  Strudun  of  Organised  Bodies, 

We  learned,  in  the  preceding  lecture,  lliat  cell-wall, 
protoplasm  and  nucleus  all  ptesent  indications  of  structure ; 
the  cell-wall  in  its  stratification  and  striation,  the  protoplasm 

and  the  nucleus  in  their  fibrillar  network.  But  they  possess 
beyond  this  a  molecular  stiuctuix^  which  cannot  indeed 
be  detected  with  the  microscope,  but  which  can  be  inferred 
from  their  properties.  As  a  conception  of  this  molecular 
structure  is  of  some  importance  in  assisting  us  rightly  to 
comprehend  many  of  the  phenomena  which  we  shall  meet 
with  in  the  study  of  living  plants*  we  will  enter  upon  a  some- 
vAiat  detailed  consideration  of  it 

In  speaking  of  the  properties  of  or^nised  bodies  the  first 
aaU  ]iiu:>L  cuiispicuuiis  was  their  capacity  of  absorbing  water, 
their  power  of  "  swcliing-up  "  or  imbibition  as  we  termed  it. 
When  tin's  was  first  observed  it  was  thought  to  be  peculiar 
to  organised  bodies,  to  bodies,  that  is»  which  had  been  formed 
by  a  living  oiganism.  It  has  been  subsequently  discovered, 
however,  that  bodies  which  had  not  been  formed  by  a  living 
oiganism  possessed  this  property,  such,  for  instance^  as  the 
acrylcoUoid  of  Wagner  and  Tollens,  and  membranes  of 
precipitation  of  cujiiic  ferrocyanitlc,  of  ferric  hydrate,  etc. 
In  order  to  include  these  bodies  the  meaning  of  tiic  term 
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origan ised  "  was  extended,  so  as  to  include  all  bodies  capable 
of  sweliing-up. 

Now  as  to  the  explanation  of  this  phenomenon.  According 
to  Naegeli  it  is  the  expression  of  the  taking  up  of  a  number 

of  particles  of  vrater  between  the  soli^^articles  (termed  by 
him  miccllcE)  of  the  oij^ciniscd  body,  ^hat  the  .ibsorption  of 
water  is  not  effected  by  caj)illarity  is  inferred  from  the  fact 
that  organised  bodies  are  not  porous.  A  perfectly  dry  cell- 
wall,  for  example,  is  transparent,  and  this  could  not  be  the 
case  if  any  capiUaiy  interspaces  existed  between  its  ais«e&ae, 
for,  in  the  dry  state  .of  the  wall,  such  interspaces  would  neces- 
sarily be  filled  with  air,  and  the  wall  would  therefore  be 
opaque.  In  a  dry  cell-wall,  then,  the  micellae  are  in  contact 
on  all  sides.  When  it  takes  up  water,  the  water  does  not 
enter  into  already  existing  spaces  between  the  micellae,  for 
there  are  none ;  it  must  therefore  penetrate  between  the 
micellae,  forcing  them  apart  against  the  opposing  force  of 
cohesion  which  tends  to  hold  them  together. 

These  micellae  of  Naegeli's  must  by  no  means  be  con- 
founded with  chemical  molecules;  th^r  are  aggregates  of 
larger  or  smaller  numbers  of  chemical  molecules.  It  must 
also  be  pointed  out  that  in  a  case  of  ordinary  swclling-up, 
the  water  docs  not  penetrate  into  the  micellre :  when  this 
takes  place  tlie  result  is,  as  we  shall  find  hereafter,  that  the 
micellar  structure  is  disintegrated. 

Upon  these  facts  Naegeli  founded  a  general  theoiy  of  the 
structure  of  organised  bodies.  He  conceives  them  as  con- 
sisting of  solid  micellae,  each  of  which  is,  under  ordinary 
circumstances,  surrounded  by  a  layer  of  water,  the  micella 
with  their  watery  envelopes  bein^^  held  together  by  the  fol- 
lowing forces  :  ia)  the  attraction  of  the  micella?  for  each  other, 
a  force  which  varies  inversely  as  the  square  of  the  distance 
between  them;  (p)  the  attraction  of  each  micella  for  the 
water  which  surrounds  it,  a  force  which  varies  inversely  as 
some  higher  power  of  the  distance ;  and  (<:)  the  force  which 
holds  together  the  ultimate  chemical  molecules  of  which  each 
micella  consists. 

From  the  fact  that  the  swdling-up  of  orgauised  bodies 
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does  not  take  place  equally  in  all  three  dimensions  of  space 
and  from  their  double  refraction  Naegeli  inferred  the  form 
of  the  micellae.  The  unequal  swelling-up,  he  considered, 
indicated  that  the  micellae  were  anisometric,  the  direction 

of  least  expansion  corresponding  to  the  direction  of  the 
longest  axis  of  the  miccllse,  for  it  is  in  this  direction  that 
their  attraction  for  each  other  would  be  greatest  and  for 
water  least  As  to  the  double  refraction,  he  found  that  when 
the  bodies  exhibiting  it  (starch-grains,  cell-walls,  crystalloids^ 
were  subjected  to  strain  or  torsion,  or  were  made  to  swell-up, 
they  did  not  lose  it.  He  argued  that,  since  the  optical  pro- 
perties of  these  organised  structures  are  apparently  not  de- 
pendent, like  those  of  a  crystal  or  of  a  piece  of  glass,  upon  the 
relative  position  of  their  cua.siituent  particles,  they  must  be  in- 
herent in  the  particles  themselves.  Each  micella,  then,  possesses 
the  optical  properties  of  an  anisotropic  crystal.  Naegeli 
concluded,  therefore,  that^  the  micella;  are  crystals,  and  from 
the  interference  colours  observed  with  the  polariscope,  he  ^ 
Inferred  that  they  must  be  biaxial  crystals*  and  assigned  ^ 
to  them,  as  a  probable  form,  that  of  parallelopipedal  prisms 
with  rectangular  or  rhomboid  bases. 

Such  is,  very  briefly,  the  "  micellar  theor>' "  of  the  struc- 
ture of  organised  bodies  developed  by  Naegeli  from  his 
observations  on  cell-walls,  starch-grains,  and  on  the  proteid 
crystalloids  which  are  found  more  especially  in  seeds.  He 
was  unable,  however,  to  apply  it  in  its  entirety  to  protoplasm, 
for  the  optical  properties  of  protoplasm  are  not  such  as  to 
indicate  that  its  micellae  are  crystalline. 

Strasburger  has  given  an  altogether  different  account  of 
the  various  phenomena  described  above.  In  the  first  place 
he  rejects  the  idea  of  the  agj^^regation  of  the  chemical  mole- 
cules into  micellae.  He  is  of  opinion  that  the  force  which 
binds  together  the  molecules  is  of  a  chemical  as  opposed 
to  a  physical  nature,  that  they  are  held  together  not  by 
cohesion  but  by  chemical  affinity :  he  regards  them  as  being 
linked  together,  probabl>  b>  means  of  multivalent  atoms, 
into  molecular  networks,  the  water  present  being  retained 
in  the  meshes  by  intermolecular  capillarity. 

V.  3 
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Let  us  now  aee  hofw  imbibitioii  out  be  explained  from 
this  point  of  view.  Strasburger  points  out  that  there  Is 
reason  to  bdieve  that  the  feeble  diflusibility  of  all  colloids 

is  due  to  the  connexion  ui  Iheir  molecule^  in  the  manner 
described  above.  Some  colloids,  such  as  the  acrylcolloid 
mentioned  above,  gum,  gelatine  and  others,  are  capable, 
whereas  others,  such  as  gelatinous  silicic  acid,  are  incapable 
of  swelling  up.  The  conclusion  from  this  is  that  the  molecu- 
lar network  is  in  some  cases  extensible,  in  others  inexfeensibl^ 
that  is,  that  tiie  molecules  may  or  may  not  be  mobile  about 
their  position  of  equilibrium.  Inasmuch  as  the  proportion 
of  water  in  a  colloidal  substance  depends  upon  the  size  of 
the  intermolecular  meshes,  swelling-up,  that  is,  the  absorption 
of  water,  must  be  due  to  the  increase  in  size  of  the  meshes 
of  an  extensible  molecular  network.*  The  limit  of  swelling-up 
is  reached  when  the  capillary  attraction  is  equal  to  the  chemical 
affinity ;  when  the  former  exceeds  the  latter  the  molecules 
become  dissociated  and  the  organised  structure  Is  destroyed. 

liul  certain  facts  yet  remain  to  be  explained.  How  are 
wc  to  account,  from  this  point  of  view,  for  the  fact  that 
diHercnt  parts  of  an  organised  body  contain  dillercnt  pro- 
portions of  water,  and  for  the  fact  that  the  swclling-up  of 
such  a  body  is  unequal  in  different  directions  ?  With  regard 
to  the  first  of  these,  Strasburger  points  out  that  the  amount 
of  water  which  a  colloid  which  does  not  swell  up,  such  as 
silicic  acid,  can  absorb,  is  just  that  which  it  contained  at  its 
first  formation ;  in  other  words,  that  the  size  of  the  meshes 
of  the  molecular  reticulum  is  determined  by  the  amount 
of  water  present  in  them  when  the  reticulum  is  formed. 
Thus  the  unequal  distribution  of  water  in  an  oi^anised  body 
may  be  ascribed  to  die  unequal  size  of  the  intermolecular 
meshes  in  different  parts.  This  affords  also  some  expla- 
nation of  die  unequal  sweUing-up  of  organised  bodies,  but 
not  a  complete  one.  The  important  feature  in  ilie  swelHng^- 
up  of  or<]fanised  bodies  to  which  Strasburger  draws  attenti'  ti, 
a  feature  which  distinguishes  these  bodies  which  have  been 
formed  by  living  protoplasm  from  the  uiinrganised  colloids 
which  are  capable  of  swelling,  is  that  it  bears  a  definite 
relation  to  their  anatomical  structure.  This  relation  is  that 
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the  direction  of  greatest  swelling  is  at  right  angles  to  the 
indications  of  structure:  thus,  in  a  starch-grain  or  in  a  cell- 
wall,  the  direction  of  greatest  swelling  is  at  right  angles  to  the 
layers  of  stratification. 

Before  leaving  this  part  of  the  subject  it  will  be  well  to 
say  a  few  words  concerning  the  proteid  crystalloids  whicfa 
have  been  already  mentioned  more  than  once.  These  are 
true  crystals  which  difTer  from  other  crystab  only  in  that  they 
arc  capable  of  swell ing-up.  They  are  usually  considered 
to  be  organised  bodies,  but  it  appears  from  the  researches 
of  Van  Tieghcin  on  the  Mucorini  that  they  are  not  formed 
by  the  organising  activity  of  living  protoplasm,  but  by  simple 
crystallisation,  and  Schimper  has  shewn  that  their  swelling-up 
is  regulated  by  the  same  laws  which  govern  the  expansion  of 
other  oystals  when  heated. 

We  will  now  turn  to  Strasburger's  explanation  of  the 
optica!  properties  of  organised  bodies.  He  points  out  that, 
on  llic  miccUar  theor\%  organised  structures  such  as  cell-walls 
and  starch-grains  sliuuid  not  lose  their  optical  properties 
when  their  organisation  is  destroyed,  for  the  particles  of  the 
disint^^ted  micellae  would,  like  particles  of  broken  cr}'stais» 
still  retain  their  double  refraction,  and  they  would  there* 
fore  also  continue  to  exert  a  depolarising  effect  But  this 
is  not  the  case.  Organised  structures  cease  to  be  doubly 
refractive  at  the  moment  when  their  organisation  is  destroyed. 
Naegeli  himseU  states  that  when  starch-grains  and  cell- walls  are 
made  to  swell  excessively  by  treatment  with  acids  or  alkalies, 
or  by  heating,  they  soon  completely  lose  their  double  refraction. 

It  appears,  then,  that  the  optical  properties  of  organised 
structures  are  dependent  upon  their  organisation.  They  may 
be  chemically  altered  by  treatment  with  reagents,  their  form 
may  be  changed  by  physical  forces,  but  their  optical  properties 
remain,  provided  that  their  organisation  is  not  affected.  Stras- 
burger's  account  of  the  nature  of  this  organisativ^n  is  to  the 
following  effect  Cell-walls  and  starch-grains  consist  of  suc- 
cessive lamellae  which  are  in  different  states  of  tension  and 
arc  firmly  adherent;  and  just  as  a  piece  of  glass  becomes 
doubly  refractive  when  differences  of  tension  are  set  up  within 
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it,  ao  tiie  double  refraction  of  a  cell-wall  or  of  a  starch-grain 
Is  due  to  the  differences  of  tension  in  the  lamelisK  of  which  it 

is  composed.  If  from  any  cause  the  differences  are  increased 
or  diminished,  the  double  refraction  will  correspond inj^ly 
vary  ;  thus  the  double  refraction  of  a  thick  cell-wall  is  more 
marked  than  that  of  a  thin  one,  and  that  of  one  which  con- 
tains a  small  proportion  of  water  than  that  of  one  which 
contains  a  laiger  proportion. 

Strasburger's  view  is  borne  out  in  a  striking  manner  by 
tiie  fact,  first  observed  by  von  Mohl,  that  the  interference 
colours  presented,  by  starch-grains  when  examined  with  a 
polarising  microscope  are  precisely  complementary  to  those 
presented  by  unaltered  cell-walls;  where  the  one  is  coloured 
yellow,  for  instance,  the  other  is  coloured  blue,  and  vice  versa. 
The  position  of  the  colours  in  starch-grains  corresponds  to 
that  in  a  piece  of  glass  which  is  under  traction^  the  position  of 
the  colours  in  the  cell-wall  to  that  in  a  piece  of  glass  whidi  Is 
under  compression.  The  former  arrangement  of  the  colours 
is  said  to  be  positive^  the  latter  negative.  Strasburger  has 
shewn  that  a  starch-grain  tends  to  increase  in  size,  whereas  a 
cell-wall  tends  to  contract :  the  tension  of  the  one  is  of  the 
nature  of  traction,  of  the  other  compression.  The  inference  is 
that  the  different  position  of  the  interference  colours  is  due, 
as  is  the  case  with  glass,  to  the  difference  of  tension.  The 
correctness  of  this  inference  is  confirmed  by  Stiasbuiger^s 
observation  that  when  a  cell-wall  is  becoming  cuticulansed  its 
optical  properties  become  i  c\  crsed.  Von  Mohl  had  obsci  vcd 
that  cuticularised  cell-walls  are,  like  starch-grains,  optically 
positive,  but  Strasburger  was,  I  believe,  the  first  to  trace  the 
gradual  change  in  the  optical  properties  of  the  cell- wall  which 
accompanies  its  cuticularisation.  This  change  is  due,  accord- 
ing to  Strasburger,  to  the  fact  that  the  lameUs  which  are 
undeigoing  cuticularisation  increase  somewhat  in  volume^  and 
consequently  the  tensions  existing  in  the  unaltered  cell-wall^ 
and  u  ith  ihcm  its  optical  properties,  become  reversed. 

In  (.liscu.vsing  the  molecular  structure  of  organised  bodies 
we  have  confined  our  attention  almost  entirely  to  cell-walls 
and  starch-grains ;  in  concluding  the  subject  we  may  briefly 
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consider  protoplasm.  Of  all  or^nised  bodies  protoplasm  is 
the  one  which  most  nearly  approaches  a  fluid,  as  is  shewn  by 
the  fact  that  it  tends  to  assume  a  spherical  form  when  in  a 
state  of  equilibrium.  But  it  is,  nevertheless,  not  a  fluid  ;  it  is 
a  semi-fluid.  We  may  define  such  a  body,  as  Pfaundler  has 
done,  by  saying  that  it  consists  of  an  intermixture  of  groups 
of  solid  and  of  fluid  molecules.  Assuming  Strasburger's 
theory  of  the  molecular  structure  of  organised  bodies,  we 
must  regard  the  molecular  structure  of  protoplasm  as  capable 
of  undergoing  constant  modification,  the  grouping  of  the 
molecules  being  in  a  state  of  perpetual  change,  the  result 
of  this  molecular  activity  being  the  phenomena  which  we 
term  vital,  and  which  distinguish  protoplasm,  as  living,  from 
all  other  organised  bodies. 

II.    TAe  swdUng'up  of  Organisid  Bodies  (Imdidition), 

We  have  already  become  familiar  with  this  phenomenon, 
and  we  have  discussed  in  detail  the  explanations  of  it  which 
have  been  offered.  We  will  now  briefl\'  consider  its  broader 
features  which  are  independent  of  any  theory  as  to  the  actual 
mode  in  which  it  is  effected. 

The  force  with  which  water  is  thus  absorbed  is  very  con- 
siderable; it  is  not  only  sufficiently  great  to  overcome  the 
elastic  resistance  which  is  offered  by  the  molecules  of  the  body 
itself,  but  it  can  overcome  a  great  external  pressure  in  addi- 
tion. This  is  well  shewn  by  an  experiment  of  Hales.  He 
filled  an  iron  pot  nearly  full  with  peas  and  water,  and  placed 
on  the  peas  a  leaden  cover  bearing  a  weight  of  184  lbs.;  as 
the  peas  began  to  swell,  they  raised  the  cover  and  the  weight 

The  absorption  of  water  by  an  organised  body  has  been 
found  to  be  accompanied  by  an  evolution  of  heat  This  fact 
appears  to  have  been  first  definitely  stated  by  Pouillet,  but  it 
has  since  been  observed  by  many  investigators.  Nacgcli 
found,  for  instance,  that  when  40  grmes.  of  perfectly  dry 
wheat-starch  were  mixed  with  an  equal  weight  of  water,  the 
tempemture  rose  from  22^  C.  to  52*5'*  C.  This  evolution  of  heat 
indicates  that  the  absorption  of  water  is  accompanied  by  con* 
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densation,  and  this  has  been  found  to  be  the  case.  Reiiikc 
ascertained  tliat  the  thallus  of  Laminaria  absorbed  230  per 
cent  by  weight  of  water,  and  that  the  water  underwent  a  con- 
densattibn  of  0*2  per  cent 

The  maximttin  amount  of  water  which  a  cell-wall  may 
at38orb  varies  with  the  constitution  of  the  membrane  and  vMk 
various  external  conditions.  Naegeli  found  that  the  gelatin- 
ous cell-walls  of  Nostocacec-e  and  PalmellacccX  may  contain 
as  much  as  200  parts  of  water  to  i  of  soh'd  substance  ;  on  the 
other  hand  Sachs  has  estimated  die  amount  of  water  which 
ICO  ccm.  (156  gitn.)  of  diy  wood  of  Pinus  syivestris  may 
take  up  to  be  about  50  c.  cm.  TempeFatui;a.faas  an  Important 
influence ;  the  amount  of  water  absorbed  in  a  given  time  is 
greater  at  a  higher  than  at  a  lower  temperature.  Further,  the 
presence  of  a  substance  in  solution  in  the  water  may  affect 
absorption.  Thus  Reinkc  IouikI  that  peas  placed  in  distilled 
water  for  three  hours  increased  43*2  per  cent,  in  volume, 
whereas  when  placed  in  a  mixture  of  100  parts  of  water  and 
30  of  alcohol  the  gam  was  only  22*5  per  cent:  in  another 
experiment  some  peas  placed  for  2\  hours  in  water  increased 
54*5  per  cent  in  volume^  and  others  in  a  solution  of  20  parts 
of  calcium  chloride  in  100  of  water  increased  only  19*  i  per 
cent.  On  tliL  ulhcr  iiaiid  it  is  well  known  that  the  presence 
of  acids  or  alkalies  in  the  water  increases  the  swell ing-up  of 
organised  bodies.  If,  however,  the  acid  or  the  alkali  be 
present  in  large  proportion  so  that  the  solution  is  tolerably 
concentrated  (and  this  is  also  true  in  many  cases  the  action 
of  water  at  a  high  temperature),  the  swelling-up  becomes  ex- 
cessive, and  the  body  cannot  be  restored,  as  it  can  under 
ordinary  circumstances,  to  Its  normal  size  by  washing  out  the 
acid  or  the  alkali.  Evidently  some  permanent  alteration  in 
its  constitution  has  been  effected,  for  if  it  be  dried,  and  be 
then  placed  in  water,  it  will  not  again  swell  up.  It  has  lost 
the  power  of  absorbing  water  as  well  as  any  special  optical 
properties  which  it  may  have  possessed.  Its  otganised  struc^ 
ture  has  been  destrosred. 

We  may  note  here  two  facts  which  will  be  found  useful 
•hereafter  in  discussing  the  movement  of  water  in  plants. 
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Reinke  has  ascertained,  firstly,  that  the  amount  of  evaporation 
from  an  organised  structure  depends  upon  the  degree  of  its 
saturation  ;  it  is  greatest  when  the  body  is  fully  saturated : 
secondly,  that  the  pressure  which  is  necessaiy  to  force  water 
out  of  zn  organised  body  is  at  its  nunimum  when  the  body  is 
at  its  maximum  degree  of  saturation  or  imbibition.      J!^  ;  «  ^ 

III.    TAe  Osmotic  Properties  of  the  Cell 

It  has  been  already  pointed  out  in  the  case  of  Yeasty  that 
die  cell  is  capable  of  absorbing  water  containing  various  sub- 
stances in  solution,  and,  now  that  we  have  learned  sometiiing 
as  to  the  structure  of  tiie  cell,  we  are  in  a  position  to  study 

this  process  in  detail.  If  a  section  of  a  succulent  stem, 
mounted  in  distilled  water,  be  examined  under  the  inicrnsi  ope, 
it  will  be  seen  that  the  parenchymatous  cells  are  fully  ex- 
panded, that  they  evidently  contain  as  much  water  as  they 


.  FiC.  9  (aficr  de  Vries).  Young  parenchymatous  cell  from  the  pedtmclc  of  Cepha- 
laria  Uucantha :  r,  Turp'd  cell ;  i^  the  same  cell  in  4  per  cent,  nitre  solution ; 
J,  m  6  per  cent,  soiutioii ;  4,  in  10  per  cent,  solution,  shewing  complete 
plMoioIysi* :  A,  ccU-wall ;  /,  primordial  utricle ;  it,  nucleus ;  f,  chlorophyll- 
corpufdei;  /,  ceU-np;    nitit soluUoii  wUdi  has entcned  Uie  ceU. 

possihly  can*  Cells  in  this  condition  are  said  to  be  tuf^^ 
If  now  a  4  per  cent  solution  of  nitre  be  substituted  for  the 
distilled  water,  it  will  be  observed  tliat  the  cells  become 
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smaller  without,  however,  undcr<^oing  any  other  perceptible 
change  (Fig.  9,  2).  This  diminution  in  size  can  only  mean 
that  water  has  been  withdrawn  from  the  cells,  the  withdrawal 
being  accompanied  by  an  clastic  contraction  of  the  ceil-walL 
The  nitre  solution  has  withdrawn  water  until  its  attraction  for 
water  has  come  to  be  equal  to  that  of  the  cell-sap,  and  this 
state  of  equilibrium  haying  been  reached,  the  withdrawal  has 
ceased.  On  replacing  the  nitre  solution  by  distilled  water, 
the  cells  will  regain  their  original  size.  From  these  very 
simple  experiments  we  learn  that  the  cell  is  capable  of 
absorbing  water  in  such  quantity  as  to  cause  considerable 
stretching  of  the  cell-wall  and  of  the  primordial  utricle,  that 
is,  to  set  up  a  considerable  hydrostatic  pressure  in  the  cell. 
This  state  of  tension  between  the  hydrostatic  pressure  on  the 
one  hand  and  the  elasticity  of  the  cell-wall  on  the  other  is 
designated  as  turgidity. 

The  difTusion  of  liquids  through  membranes  is  termed 
osmosis,  and  we  may  now  enquire  into  the  conditions  of  its 
accomplishment  They  are  briefly  these.  When  two  different 
liquids  are  separated  by  a  membrane  which  they  arc  both 
capable  of  wetting,  currents  are  set  up  between  the  two  liquids 
which  traverse  the  membrane.  Thus  when  an  ordinary  osmo- 
meter (the  membrane  of  which  consists  of  a  piece  of  ox- 
bladder  with  the  muscular  coats  removed)  containing  a  liquid, 
is  placed  in  a  vessel  containing  another  liquid,  currents  pass 
through  the  membrane  into  and  out  of  the  osmometer,  the 
former  being  termed  the  cndosinotic  the  latter  the  exosvwtic 
current.  The  quantity  of  the  liquids  conveyed  in  each  of 
these  directions  may  be  the  same,  or  they  may  differ  very 
considerably,  for  it  has  been  ascertained  that  that  liquid 
traverses  the  membrane  in  greatest  quantity  which  wets  it 
most  readily,  and  further,  that  the  chemical  nature  of  the 
liquids  is  of  great  importance  in  the  process.  Thus  Graham 
observed  that  when  an  osmometer,  with  a  bladder-membrane, 
containing  alcohol  \\as  introduced  into  a  vessel  containing 
distilled  water,  the  level  of  the  liquid  in  the  osmometer-tube 
rose  rapidly  in  consequence  of  the  endosmose  of  water,  where- 
as, when  a  film  of  collodion  was  substituted  for  the  bladder 
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the  contrary  took  place;  and  again,  that  when  an  osmometer 
cont. lining  a  I  per  cent,  solution  of  potassium  chloride  was 
placed  in  distilled  water  the  liquid  in  the  tube  rose  18  mm., 
whereas  when  a  I  per  cent  solution  of  potassium  carbonate 
was  used,  it  rose  439  mm. 

The  absorption  q£  mter  by  the  cell  Is  doubtless  subject  to 
the  same  conditions  as  those  which  we  have  found  to  deter- 
n^e  the  osmosis  in  the  osmometer,  the  cell-sap  corre^xynding 
to  the  fluid  contained  in  the  osmometer.  The  question  now 
arises  as  to  the  deterinina.tion  of  the  osmotically  active  sub- 
stance. It  mu.st  Ijc  borne  in  mind  that  the  concentration  of 
the  cell'Sap  is  slight,  its  specific  gravity  bein^^  but  little  higher 
than  that  of  distilled  water;  the  osmotically  active  substances 
whidi  it  contains  must  therefore  possess  a  strong  affinity  for 
water.  That  sugar  Is  not  the  substance  which  is  active  in  the 
process'  is  evident;  for,  inasmuch  as  its  affinity  for  water  is 
comparatively  slight,  a  much  larger  quantity  of  it  would  have 
•to  be  present  than  can  be  inferred  from  the  concentration  of 
the  cell-sap,  in  order  to  account  for  the  amount  of  water 
absorbed*  This  objection  applies  also  to  the  other  organic 
substances  present  which  have  only  a  slight  affinity  for  water. 
The  mineral  salts  in  the  cell-sap  have  a  much  greater  affinity 
for  water  tiian  sugar  has,  and  they  are  doubtless  osmotically 
active.  It  miist  be  remembered,  however,  that  these  salts  are 
not  produced  in  the  cell,  but  are  absorbed  from  witliuut; 
hence  there  is  a  limit  to  their  osmotic  activity.  The  osmoti- 
call>'  active  substances  which  we  seek  must  be  such  as  have  a 
great  affinity  for  water  and  are  constantly  being  produced  in 
the  metabolism  of  the  ceiL  Dc  Vries  has  pointed  out  that  the 
ofganic  adds  and  add  salts  fulfil  these  lequirements.  They 
are  present  in  all  living  cdls  which  are  capable  of  becoming 
turgid,  thdr  formation  is  doubtless  a  necessary  part  of  the  me- 
tabolism of  the  cell,  and  their  affinity  for  water  is  considerable. 

Assuming  then  that  the  or^fanic  acids  and  acid  salts  are 
the  substances  which  bring  about  the  absorption  of  water  by 
the  cell,  we  may  go  on  to  enquire  into  the  conditions  upon 
winch  the  tnigidt^  of  the  cdl  depends.  A  closed  bladder 
coQtainiDg  syrap  will  soon  become  tuigid  when  immersed  in  a 
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vessel  of  water:  can  we  then  directly  compare  a  turg^id  cell  to 
a  turgid  bladder,  the  cell- wall  corresponding  to  the  membrane 
of  the  bladder,  the  cell-sap  to  the  syrup?  The  answer  to  the 
question  is  that  such  a  comparison  is  inaccurate,  for  it  has 
been  found  that  the  cell-wall  is  not  abie^  like  the  membfBne 
of  the  bladder,  to  hinder  the  escape  by  exosmoais  of  the  con- 
tained liquid  to  such  an  extent  as  to  become  tutgid,  Itis  the 
lining  layer  of  protoplasm,  the  primordial  utricle  as  we  have 
termed  it,  which  offers  the  necessary  resistance  and  prevents 
the  c.->cape  ofliquid  by  exosniosis:  it  is  to  this  that  the  turgidity 
of  the  cell  is  to  be  ascribed.  We  can  now  coaipare  the  turgid 
ceil  to  the  tuigid  bladder:  the  cell-wail  and  the  primordial 
utricle  together  correspond  to  the  membrane  of  the  bladder, 
the  ceU-wall  supplying  the  necessaiy  elasticity,  the  primordial 
utricle  tiie  necessaiy  resistance  to  exosmosis. 

We  will  consider,  in  conclusion,  the  absorption  into  the 
cell  of  substances  in  solution.  Speaking  generally,  we  may 
say  that  the  passnije  of  any  dissolved  substance  through  a 
membrane  is  determined  by  the  size  of  its  molecules ;  if  the 
molecules  of  the  substance  are  smaller  than  the  intermolecular 
interstices  of  the  membrane  then  they  will  be  able  to  traverse 
the  membrane.  It  is  upon  this  that  the  formation  of  Tmube's 
artificial  cells  depends,  the  formation  of  a  membrane  of 
precipitation  being  due  to  the  fact  that  the  intermolecular 
interstices  of  the  precipitate  are  smaller  tlian  the  molecules  of 
the  substances  producinc;  it.  Further  it  has  been  observed 
that  membranes  of  precipitation  are  permeable  to  some  salts 
and  not  to  others;  for  instance,  water  and  potassic  chloride 
will  traverse  a  membrane  of  cupric  ferroqranide^  but  the 
chlorides  of  barium  and  of  caldum,  the  sulphates  of  potassium 
and  ammonia,  and  barium  nitrate,  will  not  traverse  it  The 
most  conclusive  proof  is  afforded  by  the  possibility  of  dimin- 
ishing the  size  of  the  intermolecular  interstices  of  a  membrane, 
and  of  thereby  modifying  its  permeability.  Thus  when  a 
solution  of  gelatin  comes  into  contact  with  a  solution  of  tannic 
acid,  a  membrane  is  formed  which  is  permeable  to  ammonium 
sulphate.  If  ammonium  sulfate  be  added  to  the  solution 
of  gelatin,  and  a  soluble  salt  of  barium  to  the  sohitioQ  of 
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tannic  acid,  a  membrane  of  precipitation  is  formed  which  is 
infiltrated  with  barium  sulphate.  This  membrane,  unlike  the 
former,  is  impermeable  to  ammonium  suiphate,  and  will  only 
allow  the  smaller  molecules  of  such  substances  as  ammonium 
chloride  and  water  to  pass  tfaiough  it  This  consideration 
affords  an  explanation  of  the  fact  that  colloidal  substances 
cannot  diffuse  through  membranes.  According  to  Stras- 
burger's  hypothesis,  these  substances  consist  of  groups  of 
molecules  linked  together  by  multivalent  atoms;  when  such 
a  group  is  larc^er  than  the  intermolecular  interstices  of  a 
membrane,  it  cannot  diffuse  through  it. 

In  discussing  the  absorption  of  substances  in  solution  b^ 
cells,  we  must  bear  in  mind  that  they  have  to  pass  through, 
firstly,  the  cell-wall,  and  secondly,  the  primordial  utride.  If  a 
substance  cannot  traverse  the  cell-wall  it  is  impos^ble  for  ft 
to  be  absorbed  by  the  cell,  but  this  is  a  matter  of  only  second- 
ary importance.  The  matter  of  primary  importance  is  the 
passage  of  substances  through  the  primordial  utricle.  We 
shall  see  that  of  the  many  substances  which  readily  pass 
through  the  cell-wall,  some  cannot  traverse  the  primordial 
utricle  at  all,  and  others  only  in  small  quantity,  and  the  con- 
clusion that  we  shall  arrive  at  will  be  that  it  is  tiie  primordial 
utricle  which  determines  what  substances  and  what  quantity 
ol  them  shall  enter  the  cell. 

If  a  section  of  parenchymatous  tissue  be  treated  with  a 
6  per  cent,  nitre  solution,  it  will  be  seen  that  the  cells  undergo 
a  diminution  in  size,  and  that  the  primordial  utricle  becomes 
detached  from  the  cell-wall  at  the  angles  of  each  cell  (Fig. 
9^  3);  if  a  10  percent  solution  be  used,  the  primordial  utricle 
will  assume  the  form  of  a  sphefoidal  vesicle  almost  entirely 
free  from  the  cell-wall,  the  space  between  the  primordial 
utricle  and  the  cell-wall  being  filled  with  the  nitre  solution 
(Fig.  9,  4).  A  cell  in  this  condition  is  said  to  be  plasinolytic 
(de  Vries).  This  behaviour  of  the  primordial  utricle  is  the 
•expression  of  tlie  fact  that  water  has  been  withdrawn  from  the 
cell-sap,  and  it  appears  that  none,  or  at  most  a.  veiy  small 
quantity  of  the  nitre  solution  has  penetmted  through  the 
primoidial  utricle  into  the  vacuole,  although  it  readily  passes 
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through  the  cell-wall.  This  is  an  tnstance,  tiien,  of  th^  re- 
sistance which  the  primordial  utricle  offers  to  the  passage  of 
substances  through  it  More  striking^  instances  are  how  Lver 
afforded  by  cells  which  contain  colourin;_;  matters  in  solution 
in  th^ir  cell-sap.  Naegeli  pointed  out  that  certain  colouring 
matters  (anthocyanin,  eiythrophyll)  do  not  pass  through  the 
primofdial  utride  of  living  ceUs»  De  Vries  repeated  Naegeli's 
observations  upon  the  parenchymatous  cells  of  the  Beet-root;, 
and  found  that  after  they  had  been  left  for  as  many  as  four- 
teen d<iys  in  water,  neither  the  colouring-matter  nor  the 
sugar  which  their  cell-sap  holds  in  solution  had  escaped  from 
them.  He  further  shewed  that  a  solution  of  sugar  will  readily 
pass  through  the  cell-wall,  for  when  the  cells  of  tlie  Beet-root 
are  placed  in  syrup  they  become  plasmolytic  When  the  cells 
,  are  Idlled,  for  instaooe  by  heating  them  above  60*  Q  or  by 
immersing  them  in  alcohol,  the  cell-sap  readily  escapes  from 
them.  This  is  in  accordance  with  the  well-known' fact  that  it 
IS  impossible  to  stain  living  protoplasm:  it  is  when  protoplasm 
^.  is  dead  that  colouring-matters  can  penetrate  into  it. 

When  we  compare  the  osmotic  properties  of  the  pri- 
mordial utricle  with  those  of  the  cell-wall,  the  explanation  of 
the  difference  between  them  which  at  once  suggests  itself  is 
that  the  intermolecular  interstices  of  the  former  (at  least  of 
the  outer  firmer  layer  which  we  have  termed  the  ectoplasm) 
are  smaller  than  those  of  the  latter,  so  that  substances  which 
can  readily  traverse  the  one  cannot  traverse  the  other,  but 
this  explanation  cannot  be  regarded  as  complete.    It  still 
remains  difficult  to  understand,  as  wc  shall  see  more  fully  in 
the  next  lecture,  how  it  is  that  a  su&cient  quantity  of  nutritive 
salts  can  be  taken  up  fay  the  plant,  and  how  such  substances 
as  sugsCr  can  pass  from  cell  to  cell  in  the  plant  Possibly^  as 
Pfeffer  suggests,  the  osmotic  properties  of  the  primordial 
.'  utricle  may  vary  from  time  to  time,  and  possibly  the  saccha- 
I    rine  substances  which  are  certainly  transferred  from  one  part 
I    of  the  plant  to  another,  travel  in  other  chemical  forms.  But 
I    we  must  b^ar  iii  mind  that  we  have  here  a  living  and  not  a 
I  dead  membrane  to  deal  with,  and  consider  that  the  laws  wliicfa 
\  r^ulate  osmosis  tibrough  the  latter  may  be,  aild  probably  are^ 
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proroundly  modilicd  in  Uic  furmer  by  the  vital  forces  which 
are  active  in  it 

But  the  passage  of  substances  from  cell  to  cell  may  doubt- 
less take  place  otherwise  than  by  osmosis.  Where  the  proto- 
plasm of  adjoining  cells  is  continuous,  a  condition  which  we 
saw  in  the  last  lecture  is  probably  not  uncommon,  substances 
both  soluble  and  insoluble  (protetds  and  fats)  in  water  may 
be  directly  conve3fed  from  one  cell  to  another.  Again,  it 
frequently  happens,  as  we  shall  learn  in  a  subsequent  lecture, 
that  the  hydrostatic  pressure  which  is  set  up  in  cells  by 
endosmosis  is  so  great  as  to  cause  an  escape,  a  filtration 
under  pressure,  of  liquid  from  them.  This  is  probably  of 
importance  in  the  transmission  of  substances  which,  though 
soluble  in  water,  diffuse  but  slowly. 
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ABSORPTION. 


In  the  first  lecture  we  met  with  a  very  simple  case  of  this 
function.  We  found  that  the  yeastH:ell,  floating  in  Pasteur's 
solution,  is  capable  of  absorbing  water  and  dissolved  substances, 
and  it  is  in  this  way  that  all  plants  obtain  the  materials  of 
their  food.  It  is  characteristic  of  plants  that  they  can  only 
absorb  their  food  in  the  fluid  form,  for  everything  tiiat  they 
take  up  has  to  pass  through  closed  cell-walls.  In  the  higher 
plants  absorption  docs  not  take  place  to  an  equal  extent  at 
all  points  of  their  surface,  as  is  apparently  the  case  with 
the  Yeast-plant,  but  we  hnd  certain  members  of  these  plants 
exhibiting  special  adaptation  for  the  performance  of  this 
function.  These  absorbent  organs  are  the  roots,  as  regards 
water  and  substances  in  solution^  and  the  Uaves^  as  regards 
gases. 

In  thallophytic  plants  there  are  no  roots  or  leaves  :  water  and  sub- 
stances in  solution  are  absorbed  cither  directly  by  tlie  cells  of  the  thallus 
or  by  root-hairs  (;7//~mV/^)  ;  g^ases  arc  absorbed  by  the  cells  of  the  thallyn. 
The  Muscineix:  also  iiavc  no  true  roots,  but  only  root-hairs. 

L   Absorption  of  Water  and  of  Substances  in  Solution, 

The  parts  of  the  roots  of  the  Iii^^her  plants  which  are 

active  in  absorption  are  the  root-/uii}':>  ctad  ihc  uncut iciilarised 
epidermal  cells  of  tiic  younger  roots.    The  root-hairs  of  these 
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plants  are  tbin-mralled,  unicellular,  unbranched  filaments, 
which  are  developed  from  the  epidermal  cells  of  the  root 

at  some  little  distance  behind  its  grow  in^-puinl ,  they  arc 
of  short  duration,  and  leave  after  their  death  no  trace  of  their 
existence.  In  many  of  the  lower  plants  the  root-hairs  are 
multtcellalar  and  branched,  and  in  the  Muscinea&  the  cell- 
wall  is  frequently  thickened  and  of  a  brown  colour. 

The  plants  which  we  shall  more  especially  consider  are 
land-plants,  plants,  that  is^  which  have  their  roots  imbedded 
in  the  soil   It  will  therefore  be  advantageous  to  give  here  a 


Fio.  10  (after  Sachs).   Seedliiig  of  Smapis  a&a:  A,  ■fter  removal  from  the  toil ; 
B,  after  washing  in  water. 

Fig.  II  (after  Sachs).   Etads  of  root-hain  of  a  seedling  of  THtitmm  OM^nrv, 
shewing  their  jntimate  codhctiod  with  pattides  oitmL 
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brief  account  of  the  general  natfkre  and  properties  of  the  soil. 
The  soil  may  be  regarded  as  consisting  of  a  mixture  of 
irregular  particles  of  mineral  and  of  oiganic  matter  {hfmus). 
The  interspaces  between  the  particles  are  usually  filled 

with  air,  but  even  when  it  is  very  dry,  each  particle  is  covered 
with  a  film  of  water,  hygiuscopit  iKUiter  as  Sachs  terms  it,  which 
adheres  to  it  with  considerable  force.  The  root-hairs  malce 
their  way  inLo  these  interspaces,  and,  in  the  course  of  their 
growth,  their  cell-walls  come  into  very  close  contact  with  the 
particles  of  the  soil.  In  consequence  of  this  intimate  con-^ 
nexion,  they  can  readily  absorb  the  hygroscopic  water  of  the 
particles,  although  they  have  to  overcome* the  force  of  ad- 
hesion existing  between  the  particles  and  llie  water  which 
invests  them.  Inasmuch  as  the  particles  with  their  films  of 
water  form  a  sort  of  capillary  system  in  the  soil,  the  with- 
drawal of  water  by  a  root  hair  at  any  point  causes  a  flow 
of  water  towards  that  point  from  adjacent  particles :  in  this 
way  a  plant  with  a  well-developed  root-system  drains  a 
considerable  area.  The  roots,  as  they  grow  and  brandi,  form 
root-hairs  at  new  points,  so  that  fresh  sources  of  supply  are 
continually  being  opened  up. 

This  property  of  retaining  water  is  not  possessed  equally 
by  all  kinds  of  soil :  it  is  possessed,  for  instance,  to  a  high 
d^;ree  by  clay  and  to  a  low  one  by  sand.  Moreover,  the  soil 
can  not  only  retain  a  portion  of  the  water  which  enters  and 
passes  through  it  in  the  liquid  form,  but  it  can  condense 
aqueous  vapour. 

'J1ic  importance  of  this  latter  property  of  the  soil  is  well  shewn  by  an 
expci  iuiciit  of  Sachs.  A  scarleL-i  aiiner  was  grown  in  a  flower-pot,  and, 
after  having  been  left  unwatercd  for  some  time,  the  pot  wa^  placed  in  a 
receiver,  the  air  in  which  was  saturated  with  aqueous  vapour,  the  stem  and 
leaves  projecting  into  the  external  atr  throug^h  an  aperture  in  the  lid  of 
the  receiver.  Hie  plant,  which  was  beginning  to  wither,  toon  recovered 
a  healthy  appearance.  From  this  It  is  evident  diat  the  plant  must  have 
been  supplied  with  water ;  aad  since  no  water  in  the  liqdd  fonn  was 
poured  on  to  the  soil,  andsince^  as  Sachs  had  previously  shewn,  roots 
cannot  directly  abaorb  aqueous  vapour,  it  is  evident  that  the  water  with 
which  the  plant  was  supplied  had  been  derived  from  the  watery  vapour 
wiA  which  the  atmosphere  of  the  receiver  was  saturated,  and  had  been 
condensed  <m  the  surftwe  of  the  panides  of  soaL 
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Another  important  prf  'pcrty  of  the  soil  is  that  it  can  with- 
draw from  their  solutions  salts,  and  other  substances,  and 
can  retain  them.  Way  found,  for  instance,  that  when  solutions 
of  the  chloride,  nitrate  or  sulphate  of  potassium  were  poured 
over  portions  of  clay-soil»  the  water  which  drained  off  contained 
a  smaUer  proportion  of  the  base  than  the  original  solution, 
whereas  the  proportion  of  the  acid  was  the  same,  the  acid  being 
combined  with  a  new  base,  generally  lime.  He  also  found  that 
free  potash  and  ammonia  are  thus  absorbed  by  soil,  as  also 
phosphoric  acid.  This  property  is  one  of  great  practical 
importance,  inasmuch  as  it  is  in  virtue  of  it  that  the  soluble 
salts  of  nutritive  value  which  the  soil  contains  are  not  entirely 
washed  out  of  it  by  excessive  rain.  Further,  in  consequence 
of  this  retention  of  soluble  salts  by  the  soil,  the  solutions  of 
them  which  are  presented  to  the  root*halrs  are  rendered  very 
dilute,  a  condition  which  is  favourable  to  the  process  of 
absorption. 

The  foUowihg  results  of  Henneberg  and  Stohmann  will  serve  to 
illustrate  the  preceding  statements.   In  each  case  loo  grms.  of  soil  were  * 
treated  with  200  cc  of  a  solution  of  ammonium  phosphate  for  six  hours. 

1.  Amount  of  HaPO^  la  the  solution,  0144  grm. ;  araouiii  absorbed, 

0*072  grm. 

2.  „  „  o'T^o    „    !  „        0-244  „ 

0396 

Sachs  has  pointed  uul  tiiat  it  is  the  hygroscopic  water 
in  the  soil  which  is  of  importance  to  plants,  and  that  any 
water  which  may  be  present  in  the  interspaces  and  which 
is  not  affected  by  the  force  of  adhesion — free  water,  we  may 
term  it — ^is  not  only  of  no  use  to  plants  but  may  be  even 
hurtful,  in  that  it  prevents  the  free  access  of  air  to  the  roots. 
It  is  in  fact  the  object  of  draining,  to  remove  from  the  land 
the  free  water.  And  yet  there  are  plants  whose  roots  are 
permanently  immersed  in  WcUli,  and  these  do  not  appear 
to  suffer.  This  leads  us  to  d  insider  the  modifications  which 
are  presented  by  roots,  and  which  are  an  expression  of  the 
adaptation  of  plants  to  their  environment.  We  may  dis- 
tinguish, from  this  point  of  view,  four  kinds  of  roots ;  land^ 

V.  4 
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roots,  water-roots,  air-roots,  and  tlie  roots  of  parasitic  plants 

which  penetrate  into  their  hosts.  The  dilTcicncc  of  organi- 
sation between  land-  and  water-roots  depends  upon  the  fact 
that  the  former  have  to  absorb  water  in  opposition  to  the 
force  with  which  it  is  retained  by  the  soil,  whereas  the  latter 
absorb  only  free  water.  The  experiments  of  Sachs  clearly 
indicate  this  difference.  He  found  that  if  the  roots  of  a  land- 
plant  be  kept  immersed  in  water,  they  will  persist  for  a  time 
and  supply  the  plant  with  water ;  sooner  or  laW  new  roots 
are  developed  which  are  adapted  for  the  absorption  of  water 
under  these  conditions — which  are,  in  fact,  water-roots — and 
the  original  roots,  at  least  the  younger  ones,  die.  When  a 
land-plant  is  grown  from  the  first  under  these  conditions,  it 
forms  only  water-roots.  If  such  a  plant  be  now  transferred  to 
soil  it  will  wither,  doubtless  because  its  roots  are  incapable  of 
taking  up  the  hygroscopic  water. 

Air-roots  are  found  principally  in  monocotyledonous 
plants,  such  as  Orchids  and  other  Epiphytes.  That  they 
can  absorb  water  is  slicwn  by  the  fact  that  plants  which 
have  no  other  means  of  supply,  continue  to  grow.  They 
present  evident  peculiarities  of  structure.  In  Orchids  the 
air-root  is  invested  by  a  membrane,  the  velamen,  consisting 
of  several  layers  of  cells  containing  air,  the  irregularly 
thickened  walls  being  perforated ;  in  other  cases  the  cortical 
parenchyma  of  the  root  is  loose  and  spongy,  and  the  epi- 
dermal cells  are  produced  into  a  number  of  long  hairs.  These 
roots  are  thus  enabled  to  retain  any  drops  of  water  which 
may  fall  upon  them.  This  water  will  dissolve,  or  at  least 
assist  in  the  solution  of  any  mineral  substances  which  may  have 
been  deposited  on  the  surface  of  the  roots  in  the  form  of 
dust,  and  thus  it  is  that  the  plant  obtains  its  supplies. 

From  the  researches  of  linger  and  of  Sachs  it  would  appear  that  the 
velamen  ot  Orchids  can  condense  watery  vapour,  and  thus  make  it  avail- 
able for  absorption. 

Air-roots  cannot  adapt  themselves  to  an  existence  in  soil 
or  in  water ;  according  to  Chatin,  they  die  if  they  penetrate 
into  the  one  or  the  other;  and  conversely,  if  the  root  of  a 
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Donnally  epiphytic  plant  be  caused  to  develope  first  in  soil, 
it  rapidly  perishes  if  it  is  subsequently  exposed  to  the  air. 


Fic.  la  (after  Uoger).   Transverse  section  of  part  of  the  air-root  of  an  Orchid : 

Vf  the  velamen;  ^,  the  cortex. 

Tbe  roots  of  parasitic  plants  penetrate  the  tissues  of  their 
hosts  and  (use  with  them;  in  this  way  a  communication  is 
established  by  means  of  which  the  parasite  obtains  its  sup- 
plies  of  water  and  of  substances  in  solution. 

A  few  words  may  be  said  here  with  reference  to  the  dis- 
tribution of  the  roots  in  the  soil.  It  has  been  already  pointed 
out  that  roots,  as  a  rule,  branch  freely,  and  that  in  conse* 
quence  of  their  continuous  apical  growth  they  are  alwa)^ 
entering  new  areas  of  soil  from  which  the  plant  can  obtain 
fresh  supplies  of  water  and  of  nutritive  substances^  Their 
distribution  may,  however,  be  materially  affected  by  the 
nature  of  the  medium  into  which  they  penetrate.  If  a  root 
passes  out  of  soil  into  water  it  becomes  excessively  elongated, 
but  if  it  enters  a  moderately  strong  solution  of  some  salt  this 
rapid  growth  in  length  is  checked,  as  Sachs  first  pointed  out. 
Nobbe  studied  this  subject  in  detail,  and  found  that  the  roots 
of  Barley  and  of  Buckwheat  attained  their  greatest  develop- 
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ment  in  solutions  containing  from  i  to  2  per  thousand  of 
inorganic  salts.  The  branching  of  roots  is  afTected  by  the 
proportion  of  water  in  the  soil,  the  number  of  branches 
being  greater,  according  to  Unger,  when  the  soil  is  moist 
than  when  it  is  dry;  in  the  latter,  case  the  development 
of  root-hairs  is  more  considerable,  tt  is  also  a  well-known 
fact  that  roots  alwrays  tend  to  grow  towards  moisture, 
a  fact  which  cannot  be  satisfactorily  explained  at  present 
An  interesting  experiment  of  Nobbe's  has  brought  another 
fact  of  this  kind  to  light.  He  cultivated  Maize  and  Clover 
plants  in  pots  containin^^  layers  of  soil  of  which  ^ome  had  been 
previously  soaked  in  solutions  of  nutritious  substances,  and 
he  found  that  the  roots  branched  much  more  freely  in  the 
la3^ers  which  had  been  thus  treated  than  in  the  others. 

Of  the  external  conditions  which  materially  affect  the 
absorption  of  water  by  roots  an  important  one  is  the  tem- 
perature of  the  medium  in  which  they  are.  From  the  ex- 
periments ui  Sachs  we  learn  that  roots  absorb  water  more 
actively  at  a  higher  than  at  a  lower  temperature.  For  this 
function,  as  for  all  others,  there  is  an  optimum  temperature 
at  which  it  is  performed  with  the  greatest  activity,  and  above 
or  below  which  the  activity  diminishes. 

But  the  absorption  of  water  by  roots  is  not  affected  only 
by  the  temperature  of  the  medium  in  which  they  themselves 
may  be,  but  also  by  that  of  the  medium  which  surrounds 
the  otliL'i  parts  of  the  phuUs.  Thus  roots  absorb  with  f^reater 
activity  when  the  air  is  at  a  high  than  when  it  is  at  a  low 
temperature. 

Vesque  has  found  that,  under  certain  conditions^  a  sudden  rise  in  the 
temperature  of  the  soil^  but  more  especially  in  that  of  the  air,  has  the 
effect  of  temporarily  diminishing  the  absorption,  and  a  suddm  fail  of 
increasing  it  The  explanation  of  this  will  be  given  in  connesdon  with 
the  subject  of  transpiradon  (p.  118). 

The  explanation  of  the  effect  of  the  temperature  of  the 
air  upon  the  absorbent  activity  of  the  roots  depends  upon 
the  fact  that,  under  ordinary  conditions,  the  leaves  of  a 
plant  exhale  a  considerable  quantity  of  wateiy  vapour 
(Transpiration).   Inasmuch  as  the  degree  of  humidity  of  the 
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air  IS  Usually  lower  at  a  high  than  at  a  low  tempciMturc^, 
the  lo^s  of  water  from  the  leaves  is  greater  when  the  tempera- 
ture of  the  air  is  higher.  This  drain  upon  the  water  in  the 
plant  leads  to  an  increased  absorbent  activity  of  the  roots. 
But  although  increase  or  diminution  of  transpiration  produces 
a  corresponding  change  in  the  activity  of  absorption,  yet  the 
two  functions  are  not  directly  proportionaL  Nor  does  ab- 
sorption necessarily  depend  upon  transpiration,  for,  as  we 
shall  see  liereafter,  absorption  takes  place  with  considerable 
activity  at  times  when  the  plant  is  not  transpiring.  This 
point  will  be  fully  discussed  in  a  subsequent  lecture  when 
the  subject  of  transpiration  is  being  considered. 

We  will  now  consider  more  particularly  the  absorption 
of  substances  in  solution,  and,  inasmuch  as  these  substances 
are  usually  inorganic  chemical  compounds,  we  may  briefly 
designate  them  as  salts.  We  may  very  well  begin  by  studying 
the  process  of  absorption  as  it  takes  place  in  the  Yeast-plant. 
In  the  first  place  it  is  obvious  that  the  substances  absorbed 
by  it  are  dissolved  in  water;  that  the  substances  absorbed 
are  of  such  a  nature  that  they  can  not  only  diffuse  through 
the  cell-wall,  but  also  pass  through  the  primordial  utricle; 
and  further,  that  the  continued  absorption  of  any  substance 
depends  upon  the  fact  that  the  proportion  of  it  in  the 
Pasteur's  solution  is  greater  than  the  proportion  of  it  in  the 
cell-sap  of  the  Yeast-plant,  for  this,  we  have  already  seen, 
is  a  necessar)^  condition  of  osmosis.  In  the  case  of  a  sub- 
stance contained  in  the  Pasteur's  solution  and  used  by  the 
Yeast  as  food,  this  inequality  is  maintained  by  the  meta" 
bolism  of  the  organism.  When  a  quantity  of  the  substance 
is  absbrbed,  it  undergoes  chemical  change :  the  effect  of  this 
is  to  diminish  the  amount  of  the  substance  in  the  cell- 
sap,  and  thereby  to  cause  the  absorption  of  a  further  supply 
of  it. 

The  process  of  absorption  is  essentially  the  same  in  the 
root-hairs  of  the  higher  plants.  Only  such  substances  are 
taken  up  as  are  soluble  and  can  pass  through  the  cell-wall 
and  primordial  utricle,  and  the  continued  absorption  of  any 
substance  depends  upon  the  fact  that  the  proportion  of  it  in 
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the  cell-sap  fs  smaller  than  that  7n  the  external  fluid.  In 

the  case  of  root-hairs,  this  inequality  is  maintained  not  only 
by  the  metaboh'sm  of  the  absorbing  cell,  as  in  Yeast,  but, 
inasmuch  as  the  plants  now  under  consideration  arc  multi- 
cellular, the  substances  in  solution  in  the  cell-sap  of  the  root- 
hairs  are  being  constantly  withdrawn  by  the  more  internal 
cells  of  the  root  and  are  transmitted  throughout  the  plant. 
In  fact,  as  far  as  the  process  of  absorption  is  concerned,  the 
cell-sap  of  one  of  these  internal  cells  stands  in  the  same 
relation  to  the  ccll-sap  of  the  root-hair  as  the  cell-sap  of  the 
root-hair  dues  to  the  external  fluid.  This  relation  exists 
likewise  between  the  successive  layers  of  cells  of  the  root, 
and  thus  there  is  set  up  a  current  of  water  holding  substances 
in  solution,  passing  from  the  surface  towards  the  interior. 

Although  the  root-hairs  can  only  absorb  salts  in  solution, 
it  must  not  be  thought  that  the  root-hairs  of  land-plants  are 
Immersed  in  M^ter  like  a  yeast-cell  in  Pasteur's  solution.  This 
is  true  indeed  of  float  in  water-plants,  but  in  the  case  of 
land-plants  the  root-hairs  are  imbedded  in  soil  which  fre- 
quently contains  a  relatively  small  amount  of  water,  and 
in  which  many  of  the  salts  to  be  absorbed  are  present  in  an 
insoluble  form.  The  salts,  soluble  in  water,  which  the  par- 
ticles of  the  soil  may  contain,  are  dissolved  by  the  hygroscopic 
water,  and  are  thus  prepared  for  absorption  by  the  root-hairs. 
That  salts  which  are  insoluble  in  water,  are,  however,  absorbed, 
is  quite  certain,  and  wc  will  now  proceed  to  enquire  into  the 
means  by  which  their  solution  is  brought  about. 

In  the  first  place,  a  soil  which  is  rich  in  humus  contains 
a  considerable  quantity  of  carbon  dioxide,  and  this  gas  is  also 
given  off  by  the  roots  of  living  plants ;  and  it  is  well  known 
that  water  charged  with  carbonic  acid  is  capable  of  dissolving 
substances,  such  as  calcium  carbonate  and  certain  silicates, 
which  are  insoluble  in  pure  water.  In  the  second  place,  the 
presence  of  certain  soluble  salts  in  the  soil,  involving  as  it 
does  chemical  decompositions,  brtnc^fs  into  the  soluble  form 
substances  which  were  originally  insoluble,  and  increases 
in  some  cases  the  solubility  of  those  which  are  only  slightly 
soluble. 
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These  statements  are  borfie  out  by  the  experiments  of  Beyer,  to  which 
the  foUowing  figures  refer.  In  each  case  one  kilogramme  of  fdspar  was 
treated  with  2^  litres  of  water,  or  of  a  watery  solution  of  one  of  die  salts 
enumerated :  the  figures  give  the  amount,  in  grammes,  of  the  substances 
dissolved. 


Distilled  water 
Distilled  water,  with  CO^ 
Lime,  ^ 

Ammonium  sulphate,  ^ 

Sorl-iim  nitrate.  \ 
Sodium  chlori  lc,  I 
Sodiumchloricic,  l.^mdCO^ 


Potash 

Soda 

Lime 

 1 

Silica 

1 

Total 

1 

0*051 

0*078 

0*058 

0*006 

0*049 

j  0*242 

0*071 

0*1  14 

0067 

0*004 

0325 

0*209 

0*174 

0-003 

0X361 

0447 

o'i6i 

0*094 

0*122 

0-035 

0*066  1 

o*47« 

o'oSq 

0-003 

o*o6o 

0*20I 

0W63 

o'09i 

0  008 

0*032 

'  0  294 

0-183 

0*123 

0006 

0-057 

1  0*369 

Finally  the  constituents  of  insoluble  salts  are  brought  into 
solution  by  means  of  the  add  sap  which  saturates  the 
cell-walls  of  the  root-hairs.   That  the  root-hairs  are  add  is 

easily  demonstrated  by  means  of  litmus-paper,  or,  as  Sachs 
suggested,  by  placing  a  root  in  a  solution  of  potassium  per- 
manganate, when  the  salt  is  decomposed  and  a  precipitate 
of  the  hydrated  dioxide  is  formed  upon  the  surface  of  the 
root,  a  reaction  which  does  not  take  place  when  a  leaf  or  a 
stem  is  placed  in  the  solution.  This  add  reaction  is  shewn 
not  to  be  merely  due  to  carbonic  acid,  by  the  fact  that  the 
reddening  of  the  litmus-paper  is  permanent. 

The  important  part  played  by  this  acid  sap  in  the  ab- 
sorption by  roots  of  salts  which  are  insoluble  in  pure  water 
is  indicated  by  means  of  the  following  experiment  devised 
by  Sachs.  If  a  well-polished  slab  of  marble  be  placed  in 
a  flower-pot  and  a  Bean  or  a  Sunflower  be  planted  in  the  soil 
above  it,  the  roots  will  penetrate  through  the  soil  until  they 
reach  the  surface  of  the  marble.  They  will  then  grow  along 
it,  in  close  contact  with  it.  If,  after  some  time,  the  slab  of 
marble  be  taken  out,  its  surface  will  be  found  to  be  corroded 
wherever  the  roots  have  been  in  contact  with  it  ;  in  fact, 
in  a  successful  experiment,  the  root-system  is  etched  upon  it. 
This  corrosion  is  the  expression  of  the  fact  that  tlie  acid  roots 
have  dissolved  and  removed  partides  of  the  marble,  and  the 
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fact  that  the  surface  of  the  marble  h  corroded  only  at  those 

points  at  which  it  was  in  contact  with  the  roots  shews  that 
the  corrosion  is  not  due  to  the  action  of  carbonic  acid,  for  that 
IS  evrryv.'herc  present  in  the  soil,  but  to  the  acid  sap  in  the 
wails  of  the  root-hairs  Similar  experiments  made  with  dolo- 
mite, magnesite,  and  osteolith,  give  the  same  results.  When 
a  slab  of  gypsum  is  used,  the  result  is  different  In  this  case 
It  is  die  general  surface  of  the  slab  which  is  comded^  the 
parts  in  contact  with  the  roots  being  preserved  and  forming 
therefore  projections :  the  roots  appear  to  protect  the  gypsum 
from  the  solvent  action  of  the  water  in  the  soil. 

It  has  been  pointed  out  that  insoluble  salts  present  in  the 
soil  may  be  converted  into  soluble  compounds  by  decompo- 
sitions taking  place  between  them  and  soluble  salts  which 
the  soil  already  contains  or  which  have  been  supplied  to  it, 
and  there  is  reason  to  believe  that  the  action  of  the  acid  sap 
of  the  cell-walls  is  of  this  nature  also.  It  has  been  found» 
for  instance,  that  when  the  roots  of  a  plant  are  made  to  grow 
in  a  solution  in  which  calcium  phosphate  and  potassium 
nitrate  are  present,  the  solution  become^,  alkaline  (Boussin- 
gault) :  if,  however,  the  solution  be  one  of  the  chloride  of  an 
alkaline  metal  or  earth,  the  solution  becomes  strongly  acid 
(Rautenbeig  and  Kiihn).  The  most  probable  explanation 
of  these  facts  is  that  the  salts  are  decomposed  by  the  acid 
sap  of  the  roots*  the  acid  being  absorbed  in  larger  proportion 
in  the  first  case,  the  base  in  the  second.  We  learn  also  from 
this  that  the  chemical  elements  are  not  necessarily  absorbed 
by  roots  in  the  combinations  in  which  they  are  present  in 
the  soil. 

We  see,  then,  that  in  all  cases  the  salts  which  are  absorbed 
by  the  roots  of  plants  are  absorbed  in  solution,  and  we  have 
now  to  enquire  into  the  relation  between  the  amount  of  salts 
and  the  amount  of  water  absorbed,  to  enquire,  tiiat  is,  if  a  salt 

in  solution  is  absorbed  in  the  same  proportion  as  the  water  in 
which  it  is  dissolved.  For  example,  let  us  suppose  the  roots 
of  a  plant  to  be  immersed  in  a  solution  which  contains  sayO'i 
per  cent  of  a  particular  salt ;  the  question  is,  will  the  solution 
which  remains  after  absorption  has  been  going  on  for  some 
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tiine  still  contain  O'l  per  cent,  of  the  salt  in  question,  or  a 
lower  or  a  higher  percentage?  De  Saussurc  was  the  first  to 
attempt  an  answer.  He  employed  various  substances  with 
which  he  made  aqueous  solutions  containing  about  i  percent 
of  the  substance,  and  he  founds  by  quantitative  analysis  of  the 
unabsorbed  residue  of  the  solution,  that  the  water  had  been 
at^orbed  by  the  plant  in  much  larger  proportion  than  the 
substance  dissolved  in  it. 

These  sre  some  of  bis  results : 

for  every  50  parts  of  water,  .ibsori)ed  absorbed 

Clilonde  of  Potassium,         147  parts  i6'o  parts 

Sodium,  13*0    „  15*0  „ 

„         Ammonium,       120   „  170  „ 

n 


Sulphate  of  Copper,  47*0  „  48'o 

Sugar,  29  0   „  32*0 


n 


instead  of  50  parts  of  the  substance  dissolved. 

From  these  results  de  Saussure  concluded  that  the  roots  of 
plants  absorb  substances  In  solution  In  smaller  proportion 
than  the  watci-  in  wliich  they  arc  dissolved,  a  conclu^^ion 
which  is  known  as  de  Saussure's  law.  Wolf  and  others,  in 
repeating  de  Saussure's  experiments,  used  much  more  dilute 
solutions^  and  found  that  under  these  conditions  the  amount 
of  substance  absorbed  was  laiger  an  proportion  than  that  of 
water. 

Wolf  obtained,  /or  instance,  the  foUowing  results  with  Pkaseolus 
multifiorus: 

•diMii  wat«r  abMrbcd  abaorbed 

dttinc  opt*      ilaiiag  opt. 

If itnite  cf  potaiiiniv    erasoperoent     46  cc  cotograL 
^  0*100     „         63         0^068  „ 

n  n  S9  n  » 

n  oxa%     „         78  „      0*024  It 

hence  the  strength  of  the  solutions  tctnally  absorbed  in  these  cases  is 

01 74  per  ceau,  givmg  a  dmcrence  of  -0  076  per  cent. 
0109  „  „  +0009  „ 

0*108  „  „  +o(X^33  „ 

cro^  f,  ff  0^5  „ 
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From  tbese  figures  it  appedra  ttatt  nitiate  of  potftssium  is  absorlMd 
according  to  de  Saussiirefs  law  at  a  conoentratioii  of  0*25  per  cent»  but 
that  at  a  ooncentratioa  of  0*1  per  cent,  and  below  it  is  absorbed  in  larger 
proportion  tlian  the  water  in  which  it  is  dissolved.  Hiis  is  even  more 
strildogly  shewn  by  nitrate  of  ammonia* 

fitrmirth  af  Amount  of       Amount  of  ah 

water  absorbed  abaoHied 


Nitrate  of  ammonia^  0*9456  per  cent     70  cc.      0^36  grm. 
„  €rogS2     »  8s  ,       0x194  „ 

„  0XM9I     »  4B  »       0^5  n 

„  0^0045     »         56  „       onosa  „ 

In  this  case  the  sUcugLh  per  cent,  oi  ihc  solutions  actually  absorbed  is 

o'337i,  giving  a  difference  of  +0*0915 

o'iio6  „  +0*0124 

00937  „  +00446 

00392  n  +0*0147 

The  absorption  of  this  salt  does  not  take  place  in  accordance  with 
de  Sanssure^s  law  even  at  a  concentration  of  0^56  per  cent 

With  the  Maize,  Wolf  obtained  the  following  results  which  closely 
resemble  those  obtained  with  Phaseolus. 

Strength  of  Amount  of  Time  reqtiired 

nkiiioB  HdtabMili^  toal»ofb5»c;c 

Nitrate  of  potassium,  0*100  p.  c.  0*138  grm.  per  looof  water   la  days 


99 

007s 

i» 

0*106 

10 

99 

n 

0*050 

>» 

0*096 

n 

8 

99 

>> 

0*025 

it 

0*047 

n 

7i 

99 

Nitrate  of  ammonia, 

0*0735 

j» 

0*118 

If 

99 

9$ 

00491 

a 

o*o8o 

n 

12 

99 

n 

0*0245 

n 

0*042 

n 

10 

>» 

The  strength  of  the  solutioti  actually  absorbed  in  each  case  is  indicated 
by  the  figures  in  the  second  column. 

In  the  above  eaqieriments  with  Phascofais  Ihe  of  absorption- was 
uniform ;  it  may  therefore  be  well  to  add,  for  the  purpose  of  direct  com- 
parison with  the  Maiie,  some  experiments  with  Phaseolns  in  which  the 
gttaniUy  xtfsUnHon  absorbed  was  as  nearly  as  possible  unifisrm. 

Suengthof  Amount  of        Amount  of  Strength  of 


Nitrate  of  potassium, 

o'loo  per  cent      49  cc  oro53gnn.  0^108  per  cent  +0*008 

ox>75      99  50.  n  »  ox>96      „  +o'o« 

0*050      „  s<>  «  o^t  n  0*082     w  +0x^2 

ox»5      9  51  I*  n  0*043     M  •  **-wi8 
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water  alworbed    mh  abMribed 

Nitrate  of  ammonia, 

cro735  per  cent     50  cc  0^59  grm.  0*118  per  cent.  4-010445 

<«M9I     n           49  »                »                    »  +0-0399 

WOAS     n          50  II  o-ozi  „  otMa     „  +ox>i75 

It  appears,  therefore,  that  dc  Saussure's  law  is  merely  an 
account  of  a  special  case.  The  law  of  absorption  is  rather 
this: — for  the  watery  solution  of  any  given  salt  capable  of 
being  absorbed  there  is  a  certain  d^ree  of  concentration 
at  which  the  proportion  of  the  amount  of  the  salt  absorbed 
to  that  of  the  water  absorbed  Is  the  same  as  that  of  the 
solution ;  if  the  solution  be  more  concentrated  the  proportion 
of  water  absorbed  will  be  greater,  if  the  solution  be  more 
dilute  the  proportion  of  salt  absorbed  will  be  greater.  It  must 
not,  however,  be  overlooked  that  although  the  proportion  of 
a  salt  absorbed  is  greater  when  the  solution  is  dilute,  the 
absoiuU  quantity  of  it  absorbed  in  a  given  time  is  greater 
when  the  solution  is  more  concentrated. 

The  foregoing  figures  suffice  to  shew  that  plants  absorb 
different  substances  in  different  proportions,  but,  should 
further  proof  be  needed,  it  will  be  found  in  the  tables  given 
below  to  illustrate  the  discussion  of  the  question  as  to  whether 
or  not  different  plants  absorb  the  various  salts  to  the  same 
extent,  that  is,  as  to  whether  or  not  each  plant  is  endowed 
with  what  we  may  term  a  specific  absorbent  capacity. 

The  fact  that  difierent  salts  are  absorbed  in  dtfierent  proportions  is 
well  illustrated  by  analyses  of  water-plants.  Thus,  von  Gorup-Besanes 
analysed  Tr^  naians  and  the  water  in  which  it  was  growing : 


Percentage  of 

Total 
A&h 

K,0 

Na,0 

c«o 

MgO 

Fe,0, 

SO,  j  SiOk 

Cl 

Water 

908 

9*22 

4244 

18*09 

I'I2 

1703 

1 

r9o 

ri8 

Plant  taken  in 
May 

35*55 

6*89 

1-41 

14-91 

7*56 

39*62 

273 

38*66 

0*65 

Plant  taken  in 

June 

1369 

606 

271 

17-65 

5-.  5 

23  40 

253 

27*34 

0-46 
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In  answer  to  this  question  it  may  be  at  once  stated  that 
it  has  been  found  that  different  plants  growing  in  the  same 
soil  or  water  and  under  the  same  conditions  contain  very 
different  quantities  of  the  substances  which  they  must  have 
absorbed  from  the  soil  or  the  water.  This  has  been  ascer- 
tained by  a  great  nnmber  of  analyses  of  the  ask  of  plants, 
that  is,  of  the  mineral  residue  which  is  left-  after  the  plant  has 
been  incinerated.  Since  tlicrc  is  no  evidence  to  prove  that 
a  plant  loses  any  of  the  mmeral  substances  which  it  absorbs, 
excepting  of  course  when  it  throws  off  parts  of  itself,  such  as 
leaves,  bark,  and  seeds,  it  is  obvious  that  a  knowledge  of  the 
composition  of  the  ash  must  afford  valuable  information 
as  to  the  specific  absorbent  capacity  of  the  plant  Besides 
this  mode  of  investigation  there  is  the  method  of  waUr- 
culture  (see  Fig.  21),  to  which  allusion  was  made  above, 
which  consists  in  (;no\ving  plants  with  their  roots  immersed 
in  water  holdini^  known  quantities  of  salts  in  solution.  By 
analysis  of  the  plant,  or  of  that  portion  of  the  solution  which 
remains  unabsorbed  at  the  close  of  the  experiment^  the 
amount  of  the  various  salts  absorbed  can  be  determined. 

A  familiar  and  striking  illustration  of  the  difference  in 
the  composition  of  the  ash  of  different  plants  grown  under 
the  same  conditions  is  afforded  by  a  comparison  of  the 
amount  of  silica  present  in  the  ash  of  equal  dry  weights 
of  gramineous  and  leguminous  plants:  thus,  according  to 
Wolff, 

100  paits  of  Meadow-hay  contain  37101  of  aQica 
„       Wheat-straw     „    67*50  „ 
„        Reddover       „      s'S7  » 
„        Lucerne  ^  6*07 

„        Pea^atraw        „      6*83  » 

it  may  be  further  illustrated  by  citingr  Trinchinetti's 
observation  that  Mercurialis  annua  and  Qunopodium  viride 
took  up  more  nitre  than  common  salt  from  a  solution  con- 
taining these  two  substances,  whereas  Saiureia  hortensis  and 
SoUmum  Lyeopersknm  took  up  more  common  salt  than  nitre^ 
and  again  by  analyses  of  water  plants. 
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Gidecheas  analysed  four  species  of  Fucus  gathered  at  the  mouth  of 
tfie  Qyde,  with  the  follownig  results : 


Total  ashy  per  cent. 

16-39 

1619 

loo  parts  nf  i|sh  consisted  of 

1 

Soda 
Lime 
Magnesia 
Ferric  oxide 
Sodium  chloride 
Sodium  iodide 
Sulphuric  add 
Phosphoric  acid 
Silica 


22*40 
8-29 
1 1-86 

7*44 
0*62 

2839 
362 

1326 
3'56 
1*56 


1523 
iri6 
978 
7*i6 

033 
25*10 
o*37 

38-16 
i'35 


10*07 
15*80 
12*80 
io*93 
0*29 

20*l6 

0*54 

26*69 

I '58 
1*20 


strratvs 


15-63 


4-51 
21*15 

16*36 

ll"66 

034 
18-76 

1*33 
21*06 

4'4o 
0-43 


From  the  wide  differences  in  the  composition  of  the  ash 
idiich,  as  we  see,  have  been  found  in  different  plants,  we  may 
infer  that  eadi  kind  of  plant  Is  endowed  with  a  specific 
absorbent  capacity.  It  is  upon  this,  in  fact,  that  tiie  "  rota- 
tion of  crops"  in  farming  depends.  Further,  since  the  quan- 
\iiV  of  a  .subst:iricc  abiOibcd  depends,  as  was  stated  at  the 
outset,  upon  its  bcin^  chemically  altered  in  the  metabolism  of 
the  plant,  we  find  that  the  specific  absorl^ent  capacity  of  a 
plant  ts  an  expression  of  its  specific  metabolic  properties. 
For  examplCf  if  we  contrast  the  amount  of  silica  in  the  ash  of 
a  gramineous  with  that  in  the  ash  of  a  l^uminous  plant,  we 
cannot  but  conclude  that  the  former  is  able  to  withdraw  rela* 
lively  large  quantities  of  absorbed  silica  from  the  sphere  of 
osmotic  activity  and  deposit  thcni  in  its  tissues,  whereas  the 
latter  can  only  do  so  to  a  comparatively  very  slight  extent. 
But  this  is  a  point  which  would  be  more  appropriately  dis- 
cussed in  connexion  with  the  metabolism  of  the  plant,  and  we 
will  accordingly  defer  it  to  a  subsequent  lecture. 

Gddechen*s  analyses  teach  further  that  the  absorbent 
capacities  of  nearly  allied  species  are  veiy  different,  and  from 
the  following  anal3^9es  of  potatoes  made  by  Herapath  it 
appears  that  this  is  true  even  of  varieties  of  the  saine  species. 
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Herapafth  ana^ned  five  varieties  wliich  ace  Ipdicated  by  tbe  letten  in 
tbe  table. 


A 

B 

c 

D 

B 

Ash  per  cent  in  diy  tubers 

4'8i 

3^3 

4'35 

3'46 

Carbonic  acid 
Sulphuric  acid 
Phosphoric  acid 
Potash 

Calcium  carbonate 
Magnesium  carbonate 
Calcium  phosphate 

Magnesium  phosphate 
Traces  of  other  substances 
including  silica 

2rQ59 

2774 
5716 

53-467 
0*844 

3530 
3363 
9*247 

1  om> 

16-666 

4945 
8*920 

54- rr^/, 

2-049 
0*273 

0*683 
13*298 

OXXX) 

21*400 
3*244 
3-774 

55*6io 

3-018 

1*257 

3-835 
7550 

0*313 

18*162 

5-997 
61669 

55734 
1*954 

2565 

5*374 
3545 

OtlOO 

13333 
6780 

11*428 

53029 
2-286 
0-570 
2*856 
71623 

2^5 

Further,  although  we  may  assume  that  quite  similar  indi- 
viduals of  tlie  same  species  growing  in  the  same  soil  and 
under  the  same  external  conditions  would  3rie1d  an  ash  of 

approximately  the  same  composition,  yet  the  fact  lhal  liic 
individuals  vary  in  the  vigour  of  their  development  leads  to 
considerable  differences  in  the  composition  of  the  ash.  This 
is  shewn  by  the  accompanying  table  of  analyses  of  plants  of 
BrassUa  oleracea  made  by  Pierre. 


Very  weddy 
nlantB 

W«dd7pkiili 

Very  vigorous 

TuLai  dry  substance 

1 20' 2  unu. 

1 

io3'o  grin- 

74  0  grm. 

Total  ash 

8or40  „ 

"4*85  » 

143*46  „ 

Phosphoric  acid 
Potash  and  soda 

Lime 

Magnesia 

Silica 

Ferric  onde 

9*078  „ 

21*800  „ 

29-850  „ 
1-429  „ 
3  300  „ 

0'39«  i> 

12  024  u 

29^55  n 

37-590  » 

1-807  M 
4  490  „ 
0^54  » 

12*233  u 

25*555  » 

28*840  „ 

i'305  » 
17  *660  „ 

ItJOO  „ 
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FinaJl}  J  the  ab.^orbcnt  ca.pacity  of  the  plant  varies  at 
different  pcnuds  of  its  life.  We  learn  from  von  Gorup- 
Bcsanez's  analyses  of  Trapa  given  above,  that  that  plant 
cootaios  a  larger  proportion  of  ash  at  an  early  than  at  a 
later  period  of  its  vegetation,  a  result  which  has  been  ob- 
talned  also  in  the  case  of  otlier  plants.  We  may  cite  Arendf  s 
ofaservatidDs  on  the  Oat-plant  in  iUustradon. 

Arendt  analysed  Oat-plants  at  different  times  during  their  growth; 
taldng  the  quantity  of  silica  absorbed  as  a  standard  of  comparison  and 
fixing  it  at  10,  he  found  the  other  constituents  had  been  absorbed  in  the 
fiiUowiQg  proporttons: 


Vcnod  I. 

Period  II. 

Pc;I-d  III 

Period  IV.  ^  P  rl  J  V. 

May  4 — ^Jime  7 

June  8 — 29 

JuQc  30 — ^July  9 

July  10 — ao 

Juiy  21 — 30 

lO'OO 

lO'OO 

lO'OO 

1000 

10*00 

1-66 

2*32 

O'OO 

233 

253 

3-65 

4*49 

a*8o 

8*00 

7-04 

5-38 

3*22 

3*13 

1-32 

2 '40 

2  "05 

I'I2 

1-86 

620 

2665 

1885 

944 

4'49 

000 

Silica 

Sulphuric  acid 
Phosphoric  add 

Lime 


But  the  amount  of  a  substance  absorbed  is  not  determined 
solely  by  the  specific  absorbent  capacity  of  the  plant,  for  we 
found  in  discussing  de  Saussure's  law  that  the  laiger  the 
proportion  of  any  giv^n  substance  in  the  solution  supplied 
to  die  roots»  the  laiger  was  the  amount  absorbed  The  com- 
position of  the  soil  or  of  the  solution  in  which  the  roots  of 
a  plant  are  growing'  must  have  an  important  effect  upon  the 
composition  of  the  ash.  This  has  been  abundantly  proved 
by  a  large  number  of  analyses,  of  which  we  may  cite  the 
following* 

Hcrapath  analysed  light  Oats  growu  upon  sandy  ioil,  and  heavy  Oats 
grown  on  the  same  soil  after  manuring  with  river-mud  (waipmg). 


l.ifAi  Oat*  Heavy  Oats 

Potash                        9*8  13*1  per  cent 

Soda                           4-6  7*2  „ 

Lime                          6'8  42  „ 

Phosf^rus  pentoxide     97  17^  „ 

Silica                      565  45*6  „ 
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Wolff  analysed  the  ayh  of  variotu  plants  grown  in  poor  soil  with  the 
addition  of  certain  nits :  die  examole  taken  is  the  Buckwheat* 


Ash  i^nmimwl  In 
ICO  parts 

Soil 
without 

any 
ftdditjon 

With 

With 

With 

...  1 

With 

With 

Sodinm 

cUocid* 

PotaMUun 
nitratt 

PotaHHua 
cMbtmiv 

1  m*^  «m  Hi  ■  . 

1 

Potash 

21*6 

39-6 

40-5 

23*9 

Potassium  chloride 

7*4 

,  3619 

08 

31 

6-9  ' 

97 

Sodium  chkmde 

4-6 

30 

3*2 

3-8 

3-4  1 

17 

Lime 

157 

l4'o 

12-8 

II-6 

141 

Magnesia 

17 

1-9 

3*3 

1*4 

47 

4'2 

Sulphur  trioxide 

47   i  a'8 

10-3  9*5 

27 

4-3 

7*1  1 

3*5 

Phosphorus  pentOJddc 

6-5 

8-9 

to'9 

lO'O 

Carbon  dioxide 

204 

161 

27*1 

20*0 

23-2 

Silica 

3*6 

42 

4-2 

4'8  1 

1 

5-2 

From  WolflTs  figures  we  learn  further  that  the  influence 
of  die  composition  of  the  soil  upon  the  absorption  by  the 
roots  is  not  necessarily  a  direct  one.  In  some  cases  we  see 

that  it  is ;  thus,  the  addition  of  potassium-salts,  magnesium^ 
salts,  and  calcium -salts  to  the  soil  increased  the  amount 
of  potash,  magnesia  and  lime,  respectively,  in  the  ash  : 
but  in  others  it  is  not,  for  the  addition  of  sodium  chlo* 
ride  to  the  soil  did  not  lead  to  an  increase  in  the  sodium 
of  the  ash.  But  the  indirect  influence^  which,  as  we  have 
seen,  depends  upon  double  decompositions  going  on  in  the 
soil,  or  at  the  surface  of  the  root-hairs,  is  often  very  important ; 
thus,  in  the  case  before  us,  the  addition  of  sodium  chloride 
to  the  soil  brought  about  the  absorption  of  a  considerable 
quantity  of  potassium. 

The  composition  of  the  ash  of  a  plant  depends  therefore 
upon  two  factors,  (i)  the  specific  absorbent  capacity  of  the 
plant,  (2)  the  composition  of  the  soil  in  which  it  is  growing. 
It  has  been  attempted  to  account  for  the  specific  absorbent 
capacity  of  plants  by  attributing  to  the  roots  a  selective 
po  wer.  Such  an  assumption  is  as  erroneous  as  it  is  unneces- 
sary. We  have  learned  that  the  absorption  of  a  substance 
depends  in  the  first  instance  upon  the  ]>ln'sical  relation 
which  exists  between  its  molecAiles  and  the  cell- wall  and 
primordical  utricle  of  the  absorbing  celL  If  it  is  presented 
to  the  cell  in  such  a  form  that  it  can  pass  through  these,  its 
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absorption  will  take  place  quite  independently  of  its  use 
or  its  hurtfulness  to  the  plant   We  have  also  learned  that 

the  amount  of  any  substance  absorbed  depends  upon  its 
relation  to  the  metabolism  of  the  plant.  Wc  can  ima^yine 
that  a  substance  might  pass  readily  into  the  absorbent  cells 
and  be  distributed  from  cell  to  cell  throughout  the  plant, 
without  entering  at  all  into  the  metabolic  processes ;  sodium, 
as  we  see  from  WolfTs  anal}rses,  affords  a  case  in  point  The 
result  of  the  absorption  of  such  a  substance  would  be  that 
the  celUsap  of  the  cells  would  soon  reach  such  a  point  of 
satLiralion  as  regards  this  substance  that  dilTu?>ion-cquilibriuin 
would  be  set  up,  and  then  no  more  of  it  would  be  absorbed. 
The  case  of  a  salt  which  does  enter  into  the  metabolic  pro- 
cesses is  veiy different:  it  undergoes  decomposition,  and  some 
constituent  of  it  is  frequently  thrown  down  in  the  insoluble 
form.  The  effect  of  this  is  that  a  constant  withdrawal  of  the 
salt  from  the  sphere  of  osmotic  action  is  taking  place,  and 
thus  a  demand  for  it  is  set  up  which  is  met  by  the  absorption 
uf  , fresh  quantities  of  it  by  the  roots  from  the  soil.  It  is  thus 
quite  possible  to  give  a  satisfactor\'  explanation  of  the  facts 
observed  without  making  any  unwarrantable  assumptions. 

We  will  conclude  this  lecture  with  an  examination  of 
the  existing  evidence  as  to  the  absorption  of  water  and  of 
substances  in  solution  by  organs  other  than  roots.  In  those 
Thallophytes  which  possess  no  root-hairs,  absorption  is  effected 
by  the  cell  or  cells  which  constitute  the  thallus.  Submerged 
Cormophytes  doubtless  absorb,  to  some  extent  at  any  rate,  by 
their  c;'eneral  surface,  and  in  Salvinia  the  peculiarly  modified 
aquatic  leaves  are  the  only  absorbent  organs  which  the  plant 
possesses.  In  these  cases  the  leaves  are  especially  adapted 
for  the  purpose,  notably  in  this  respect,  that  the  walls  of  their 
epidermal  cells  are  not  cuticularised.  This  is  true  also  of  the 
glands  of  the  leaves  of  the  so-called  carnivorous  plants  which 
absorb  organic  substances  in  solution.  It  has  been  thought, 
though,  by  many,  that  the  ordinary  foliage-leaves  of  land- 
plants  are  capable  of  absorbinp;-  water,  and  that  to  such  an 
extent  as  to  constitute  an  important  source  of  supply.  This 
is  a  point  which  has  excited  considerable  interest,  and  it 
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has  therefore  received  much  attention  from  physiologistSL 

Hales,  Bonnet,  Duchartre,  llciden,  and  others,  investigated 
it  without,  however,  arriving  at  any  very  definite  results. 
Among  the  more  recent  and  more  satisfactory  researches 
may  be  mentioned  those  of  Detmer  and  of  BoussingaulL 
Detmer  found  that  if  leaves  be  immersed  in  water  the^ 
distinctiy  inctease  in  weight  in  so  short  a  time  as  a  quarter 
of  an  hour,  and  Boussingault  obtained  similar  results  by 
means  of  experiments  of  much  the  same  kind  It  appears 
then  that  leaves  can  absoib  water,  but  it  is  by  no  means 
proved  that  they  do  so  under  ordinary  circumstances.  The 
objection  to  these  experimental  results  is,  as  Eder  has  pointed 
out,  that  long-continued  immersion  in  water  produces  changes 
in  the  walls  of  the  epidermal  cells  of  such  a  nature  that  they 
become  permeable  to  water.  Leaves  are  not  exposed  to  this 
under  ordinary  circumstances;  as  a  rule  their  epidermis 
cannot  be  moistened  by  water,  so  that  the  rain  or  dew  which 
falls  upon  them  forms  drops  wiiicli  cither  roll  off  by  their 
own  weight  or  are  shaken  off  by  the  wind.  The  differences 
in  internal  organisation  as  well  as  in  external  form  which 
exist  between  submerged  and  subaerial  leaves  go  far  to  prove 
that  since  the  former  are  known  to  absorb  wal^,  the  latter 
are  not  adapted  for  this  purpose.  This  view  is  fulrdier  sup- 
ported by  the  fact  that  these  differences  do  not  only  exist 
between  'the  leaves  of  a  submerged  plant  on  the  one  hand 
and  ui  a  subaerial  plant  on  the  otlicr,  but  that  they  are  very 
evident  also  between  the  subiiierged  and  subaerial  leaves  of 
plants  which,  like  Salvinia,  are  only  partially  immersed.  It 
is  true  that  plants  which  are  flaccid  very  soon  become  turgid 
and  assume  a  fresh  appearance  when  rain  falls,  but  it  must 
be  admitted  that  the  most  important  causes  of  this  are  the 
absorption  of  water  by  the  roots  and  the  diminution  of  the 
transpiration  of  tiie  plant  in  ctmsequence  of  the  increased 
moisture  of  the  air.  In  comparison  witli  these  a  possible 
direct  absiji  jnioii  of  water  by  the  leaves  may  be  neglected. 

With  regard  to  the  absorption  of  watery  vapour  by  leaves, 
it  appears,  from  the  observations  of  Detmer  and  of  Boussin* 
gault,  that  it  may  take  place  to  a  slight  extent  when  the 
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leaves  arc  veiy  flaodd  ami  dry,  the  air  being  at  the  same 
time  very  moist,  but  that  it  does  not  take  place  when  the 

leaves  arc  in  their  ordinary  condition.  The  freshening  effect 
which  is  produced  when  plants  which  are  beginning  to  wither 
are  introduced  into  a  moist  atnnosphere  is  to  be  attributed  to 
the  consequent  diminution  of  loss  of  water  by  transpiration. 

Inasmuch  as  the  leaves  of  land-plants  can  absorb  water 
under  certain  special  conditions,  it  is  natural  to  infer  that 
they  can  also  absorb  substances  in  solution.  Thb  has  been 
proved  experimentally  by  Boussin^ult  and  by  Mayer.  The 
former  found  that  if  a  drop  of  a  solution  of  c;ilL  iinn  sulphate 
be  placed  on  a  leaf,  txHli  the  water  and  the  salt  will  disappear 
in  the  course  of  a  few  hours,  and  sooner  on  the  lower  than 
on  the  upper  surface;  the  latter  obtained  similar  results  with 
a  solution  of  ammonium  carbonate. 

It  appears,  then,  that,  under  certain  conditions,  the  foliage- 
leaves  of  land-plants  will  absorb  water  and  substances  in 
solution.  It  must,  however,  be  borne  in  mind  that  any  part 
of  a  plant  if  immersed  in  water  will  absorb  a  larger  or  smaller 
quantity  of  it.  It  is  a  common  experience  that  cut  flowers 
or  branches  when  placed  with  their  cut  surfaces  in  water  will 
absorb  for  a  time  sufficient  water  to  prevent  withering.  The 
evidence  before  us  is  insufficient  to  prove  .that  the  absorption 
of  water  is  an  important  normal  function  of  leaves.  Their 
true  absorbent  function  will  form  the  subject  of  the  next 
lecture. 
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ABSORPTION  {fontmued), 

II.  AbsofpUm  of  Gases. 

An  interchange  of  gases  is  constantly  taking  place  between 
every  living  ^iP^Iind  the  medium  in  which  it  exists :  in  the 
case  of  teirestrial  plants,  between  the  plant  and  the  air,  in 
the  case  of  aquatic  plants,  between  the  plant  and  the  water. 
When  the  plant  is  a  simple  one,  each  cell  of  it  is  in  direct 
relation  with  the  medium  ;  when  it  is  of  complex  structure, 
there  is,  in  terrestrial  plants,  some  means  by  which  the  more 
internal  cells  are  brought  into  relation  with  it  The  members 
•  which  are  especially  adapted  for  this  purpose  in  the  higher 
plants  are  the  leaves ;  so  we  may  say  that  just  as  their  roots 
are  the  special  organs  for  the  absorption  of  water  and  sub- 
stances in  solution,  so  their  leaves  are  the  special  organs 
for  the  absorption  of  gases,  although  this  is  effected  to  some 
extent  by  other  members  also. 

Let  us  briefly  consider  the  structure  of  the  leaf.  The 
blade  or  lamina,  the  part  with  which  we  are  especially  con- 
cerned at  present,  consists,  speaking  generally,  of  a  paren- 
ch3miatous  tissue,  termed  mesopl^U^  between  the  cells  of 
which  there  are  intercellular  spaces  more  especially  towards 
the  lower  surface.  This  tissue  is  traversed  by  immerous 
fibrovascular  bundles,  forming  the  so-called  vei}is  of  the  leaf, 
and  it  is  covered  on  both  surfaces  by  a  layer  of  cells 
which  is  the  epidermis.   The  parenchymatous  cells  have  thin 
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cellulose  walls,  and,  in  addition  to  protoplasm  and  cell-sap, 
they  contain  numerous  chlorophyll-corpuscles  :  a  full  account 


Fig.  13.   Transverse  section  of  the  lamina  of  a  leaf:  a,  the  cuticle;      the  epi- 
dermis of  the  upper  surface ;      the  pallisade-parenchyma ;  d,  the  spongy  | 
parenchyma ;  r  and  d  together  constitute  the  mesophyll ;  <r,  epidermis  of  lower 
surface ;  /,  intercellular  spaces  ;  g,  guard-cells  of  a  stoma.    The  cells  of  the  ' 
mesophyll  contain  chlorophyll-corpuscles.  .  . 

of  the  structure  of  these  bodies  will  be  given  hereafter.  The 
epidermal  cells  usually  contain  no  chlorophyll-corpuscles, 
and  their  external  walls  are  much  thickened  and  cuticu- 
larised :  moreover  they  are  packed  closely  together,  so  that  I 
they  form  a  membrane,  the  continuity  of  which  is  inter- 
rupted here  and  there  by  intercellular  spaces,  called  stomata^ 
each  of  which  is  bounded  by  usually  two  specially  modified 
epidermal  cells,  the  giiard-cells.  The  stomata  open  internally 
into  the  intercellular  spaces  of  the  mesophyll,  and  thus  the  | 
air  can  have  free  access  to  the  interior  of  the  leaf,  and  from 
this  to  the  rest  of  the  plant.  That  the  stomata  do  thus 
communicate  with  the  intercellular  spaces  can  be  proved 
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obi  only  by  microscopical  observation,  but  also  by  direct 
experiment.  A  simple  means  of  doing  this  is  to  place  the 
blade  of  a  leaf  in  the  mouth  and  to  immerse  the  cut  surface 
of  the  leaf-stalk  in  water :  if  now  air  be  forced  into  the  blade 
by  the  mouth,  a  stream  of  bubbles  will  escape  from  the  end 
of  the  petiole  which  is  in  the  water. 

Stomata  are  by  no  means  confined  to  leaves,  although 
they  are  most  abundant  on  them.  They  are  imsent,  at  tome 
time  at  any  rate,  in  the  epidermis  of  all  subaerial  ofgans 
excepting,  in  certain  cases,  some  of  the  floral  leaves:  they 
are  never  to  be  found  on  roots,  nor  on  submerged  plants, 
and  they  are  confined  to  the  Cormophyta.  In  the  case  of 
the  stems  and  branches  of  perennial  plants,  hi  which  the 
epidermis  is  thrown  off  and  is  replaced  by  coik,  the  stomata 
are  of  course  lost,  but  a  means  of  communication  between 
the  Jntemal  tissues  and  the  external  air  is  provided  by 
certain  structures  which  are  termed  lenticels.   These  consist 


Fig.  14  (after  SUhl).   Section  of  a  Lenticel  of  Sambucus  nigra :  /,  Icnticcl-tissue; 
^  cock-caBbium ;  /,  camUnm  lajer  of  the  lenticel ;  ph,  pbelloderm ;  bast- 

of  cells  belonging  to  the  cork-layer;  but  whereas  the  cells  of 
the  cock  are  closely  packed,  the  ceUs  of  the  lenticels  have 
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tnteroellular  spaces  tihrough  which  gases  can  pass.  That  this 
is  the  case  is  proved  by  the  fact  that  a  vety  slight  pressure 
suffices  to  force  ai'r  through  them.    The  lenticels  are  not, 

however,  permanently  open.  If  an  attempt  be  made  in  the 
winter  to  force  air  through  them,  it  will  be  found  that  none 
will  pass,  and  niicioscopical  examination  will  shew  that  they 
are  closed  by  a  compact  layer  of  cork-cells.  It  appears  that 
in  the  autumn,  the  cork-cambium  beneath  the  lenticel  pro- 
duces, instead  of  loose  lenticel-tissue,  corky  layers  which 
interrupt  the  communication  between  the  air  and  the  interior 
of  the  plant  In  the  spring  these  coiiky  layers  are  ruptured 
by  the  pressure  exercised  upon  them  by  the  lenticel-tissue 
which  is  now  hcin^  formed  in  consequence  of  the  renewed 
activity  of  the  cork-cambium,  and  thus  the  communication 
is  restored. 

ynger  made  the  interesting  discovery  that  the  ienticds  of  stems  are 
developed  at  points  which  correspond  in  position  to  the  ston^ta  of  the 
epidermis.  Lenticels  also  occur  very  generally  on  roots. 

It  is  often  thought  that  the  stomata  are  of  primarj'  im- 
portance in  relation  to  the  absorption  and  exhalation  of  g^ses 
by  leaves.  Boussingault  has  found,  however,  that  the  upper 
surface  of  the  leaves  of  various  plants  with  which  he  ex- 
perimented (Cherry-Laurel,  Poplar,  Chestnut,  Peach)  absorbed 
carbon  dioxide  more  actively  than  the  lower  surface,  al- 
though the  upper  surface  had  scarcely  any  stomata  whereas 
they  were  very  numerous  on  the  lower.  The  stomata  have 
evidently  no  effect  upon  the  absorption  of  this  gas :  it  would 
be  interesting  to  know  if  this  holds  good  also  with  regard  to 
the  absorption  of  oxygen.  Barthelemy  regards  the  stomata 
as  affording  rather  a  means  of  exit  than  of  entrance  to  gases; 
he  concludes  that,  under  normal  conditions,  a  slight  rise  of 
pressure  in  the  plant  is  suihcient  to  cause  an  escape  through 
the  stomata  of  the  gases  in  the  intercellular  spaces.  The 
part  played  by  the  stomata  in  the  interchange  of  gases  is 
not,  however,  their  primary  function  ;  their  chief  physiological 
significance  is  in  relation  to  the  exhalation  of  watery  vapour 
(transpiration).  We  will  therefore  defer  a  detailed  account 
of  their  mode  of  action  until  that  process  is  under  discussion. 
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The  absorption  of  gases  is  effected  fhen,  principally  at 

least,  by  the  superficial  cells  of  the  leaves.  Now  as  to  the 
mode  of  absorption.  We  may  consider  here,  once  for  all, 
the  mode  in  which  gases  arc  absorbed  by  the  cells  of  plants, 
for  it  is  the  same  in  all  cases.  Gases,  like  solid  substances, 
can  only  be  absorbed  in  solution.  They  may  be  brought  to 
the.  sur&ce  of  the  cell-wall  already  dissolved  in  water,  as  in. 
tte  case  of  submeiged  plants,  or  tiiey  may  be  dissolved  from 
fSbt  atmo^here  by  the  sap  which  saturates  the  cell-wall, 
as  in  the  case  of  land-plants.  In  either  case  they  reach  the 
interior  of  the  cell  in  solution.  When  a  gas  has  been  taken 
up  at  the  surface  it  diffuses  throughout  the  cell-sap,  and  thus 
fresh  quantities  can  be  taken  up  from  without  until  the  limit 
of  solubility  is  reached,  when  absorption  ceases.  If,  however, 
the  metabolism  of  the  cell  changes  the  chemical  condition 
of  a  gas,  if  it  causes  its  decomposition  or  causes  it  to  enter 
into  new  combinations  as  it  is  absorbed,  then  its  absorption 
will  be  continuous.  On  comparing  these  st  atements  with 
what  was  said  as  to  the  absorption  of  substances  by  the  roots, 
we  hnd  that  the  conditions  of  absorption  are  essentially  the 
same  in  the  two  cases. 

There  exists  another  important  similarity  between  the 
absorption  of  gases  and  the  absorption  of  substances  in  solu- 
tion, namely  this,  that  just  as  the  root  can  only  absorb  a 
solution  below  a  certain  deg^ree  of  concentration,  so  the  leaf 
can  only  absorb  a  gas  below  a  certain  degree  of  pressure. 
For  in-.tance,  the  pressure  of  the  carbon  dioxide  in  the  air 
is  vexy  slight;  it  was  first  observed  by  Percival  that  an 
increase  in  the  quantity  of  carbon  dioxide  in  the  air  is 
favourable  to  the  growth  of  the  plant ;  de  Saussure  found 
that  a  considerable  increase  is  prejudicial,  and  Godlewski, 
by  his  more  detailed  investigations,  shewed  that  the  optimum 
proportion  is  from  8 — lo  per  cent.,  that  is  that  carbon 
dioxide  is  most  readily  absorbed  by  the  plant  when  its 
pressure  is  about  200  times  greater  than  in  ordinary  air. 
Boussingault  found  that  when  leaves  are  exposed  to  sunlight 
in  an  atmosphere  of  pure  carbon  dioxide  at  the  ordinary 
pressure  they  cannot  decompose  it,  but  if  the  carbon  dioxide 
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is  at  a  low  pressure  (in  his  experiment  0*17  mm.)  they  can 
do  so.  Results  of  a  similar  nature  have  been  obtained  by* 
Bert  with  reference  to  the  oxygen  of  the  air:  they  may 

be  briefly  stated  thus,  that  increase  or  diminution  of  the 
atmospheric  pressure  is  prejudicial  to  plant-life,  but  this 
prejudicial  effect  is  not  produced  when  the  experiment  is 
so  arranged  tiiat  the  oxygen  present  exerts  a  pressure  ap- 
proximately equal  to  that  which  it  exerts  in  ordinaiy  air. 
These  facts  fully  illustrate  the  relation  of  the  pressure  of  a 
gas  to  its  absorption. 

We  may  now  enquire  what  are  the  gases  which'  are 
absorbed  by  the  leaves  of  plants,  without,  however,  entering 
upon  a  discussion  of  their  relative  importance  to  the  well- 
bcm^  of  the  plant ;  that  subject  will  be  treated  of  in  subse- 
quent lectures. 

The  air,  the  medium  by  which  the  leaves  of  land-plants 
are  surrounded,  is  a  mixture  of  gases  having  the  following* 
average  quantitative  composition. 

Oxygen  20  61  per  cent  by  volume. 

Nitrogen   77-95         „  „ 

Carbon  dioxide   0x34        „      .  „ 

Aqueous  vapour   1*40       „  „ 

Ammonia 
Nitric  acid 

Since  all  these  gases  are  soluble  in  water,  it  may  fairly 
be  concluded  that  they  can  be  absorbed  by  the  cells  of  the 
leaves,  and  this  is  in  fact  the  case.   Let  us  imagine  for 

instance  a  living  cell,  the  cell-sap  of  which  contains  no  gases 
in  solution,  exposed  to  air  for  a  short  time.  In  this  case,  the 
proportion  of  each  gas  absorbed  will  depend  upon  its  solu- 
bility in  the  cell-sap.  Now  tlu  solubilities  of  the  gases  of 
which  air  is  composed  bear  the  following  relations  to  each 
other : 

I  vol  of  water,  at  I5^  C.  dissolves 

Oxygen  0*030 

Nitrogen  O'Oi  5 

Carbon  dioxide   1-002 
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hence,  since  tlie  amount'  of  a  gas  dissolved  from  a  mixture 

is  proportionate  to  the  relative  volume  of  it  in  the  mixture 
multiplied  into  its  coefficient  of  solubility,  the  proportions  of 
these  gases  dissolved  by  the  cell-sap  of  tlic  cell  under  con- 
sideration will  be,  at  a  temperature  of  15°C  and  760  mm. 
pressure, 

Oxygen  .p'6iS$ 

Nitrogen  1*1692 

Carbon  dioxide  0*0400 

and  these  may  be  assumed  to  be  the  proportions  in  which 
these  gases  are  at  first  absorbed  by  the  cell. 

But  it  has  been  abundantly  proved  that  whereas  when  the 
cells  of  a  plant  are  saturated  with  nitr<^en  no  further  ab- 
soiption  of  this  gas  takes  places  the  absorption  of  oxygen 
and  carbon  dioxide  is  continuous  provided  that  the  con- 
ditions are  favourable.  The  total  quantity  of  these  gases 
absorbed  in  a  given  time  is  far  greater  than  that  of  nitrogen  ; 
in  fact  the  amount  of  nitrogen  absorbed  by  a  plant  is  nil, 
inasmuch  as  the  cell-sap  is  saturated  with  it  from  the  first. 
From  this  we  may  conclude  that  oxygen  and  carbon 
dioxide  undeiigo  chemical  change  after  their  absorption,  that 
they  enter  into  the  metabolic  processes  of  the  living  cells, 
whereas  nitrogen  does  not 


Absorption  of  Oxygm, 

That  plants  absorb  ox3^;en  is  a  fact  which  has  long  been 

known.    Scheele  and  Priestly  both  found  that,  under  certain 

conditions  vvliich  they  did  not  investigate,  plants  dL-tcriuraic  the 
quality  of  air ;  but  Ingenhousz  was  the  first  to  clearly  define 
the  relation  of  the  plant  to  the  atmosphere.  With  a  more 
developed  chemical  science  at  his  disposal,  de  Saussure  was 
able  to  establish  definitely  the  importance  of  oxygen  for  the 
life  of  plants,  and  his  results  have  been  confirmed  by  all  sub- 
sequent observers. 

There  are,  however,  lowly  organised  plants  which  can 
live,  for  a  considerable  time  at  least,  without  being  supplied 


Digitized  by  Google 


y6  LECTURE  V. 

with  free  oxygen ;  such  as  the  Fungi.which  produce  alcoholic 

fermentation  {e.£^.  Yeast)  and  putrefaction  (e.^.  Bacteria);  but* 
these  Fungi  readily  absorb  free  oxygen  wiicii  Uicy  can  ob- 
tain it. 

.  We  will  now  illustrate  the  absorption  of  oxygen  by  dif- 
ferent plants  and  parts  of  plants,  by  reference  to  experiments. 

The  most  marked  case  of  the  -absorptioa  of  oxygen  by 
plants  is  afforded  by  Fungi  Pasteur  and  others  have  found 
that  Fungi  can  absorb  the  whole  of  the  ox3fgen  present  in  a 
closed  space. 

Marcet  obtained  the  fenowing  results  with  B^Uiui  twsieahrs  lour 
specimens  weighing  9  grammet  remained  for  la  hours  in  a  receiver  con- 
taining lao  cc.  of  air. 


Nitrogen         ...      •»*      94*^  c*c*  947 

Oxygen    25*2     ^  0*6 

Carbon  dioxide        ...      —  387  „ 

120*0  CC.  I24X>C.C 

It  appears  that  the  property  of  absorbing  the  whole  of  the 
oxygen  present  is  possessed  by  all  plants.  For  instancCi 
WolkolT  and  Mayer  found  this  to  be  the  case  m  their  ex- 
periments on  seedlings  (Pofy^gmtum  Fi^gofyrum,  Trsfmattm 
mqfus). 

Various  observers  (de  Saussure,  Oudemans  and  Rauwen- 

hull,  Fleury)  have  found  thai  gcrmiiiiiting  seeds  absorb 
considerable  quantities  of  oxygen,  and  exhale  carbon  di- 
oxide. 

De  Saussure  determined  that  one  gramme  of  seed  absorbed  oxygen 
and  exhaled  carbon  dioxide  as  follows : 

Hetnp,  43  hours  at  22*  C. 

alttorbed  1970  cc.  of  oxygen, 
exhaled  13*26  cc  of  caihon  dioxide. 

Coha,  42  hours  at  21*50  C. 

absorbed  3 1  40  cc.  of  oxygen, 
„       073  cc.  of  nitrogen, 
exhaled  24*39      ^  carbon  dioxide. 
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Madia,  72  hours  at  12^  C. 

absorbed  15*83  cc  of  oxygen, 
eidialed  11*94  cc.  of  carbon  dioidde. 

Oudemans  and  RauwenholT  found  that  the  amount  of 
oxygen  absorbed  varied  in  the  case  of  the  seeds  of  different 
spedes  of  plants^  and  that  it  diminished  gradually  during  the 
process  of  germinatioa 

Lory  shewed  that  phanerogamic  plants  which  contain 

but  little  chlorophyll,  such  as  \  ,irious  species  of  Orobanche, 
and  Neottia  Nidus-avts,  absorb  oxygen  under  all  circum- 
stances; 

A  flowering  plant  of  Orohatuke  Teucrii  absorbed  in  thirty-six  hours 
4-2  C.C  of  oxygen  iat  every  gramme  of  its  wdglit:  a  plant  ivithont  flowers 
abooAed  3*68  cc  of  oigrgen  for  every  gramme 

but  according  to  Drude  the  exhalation  of  oxygen  by  Neottia 
is  gyeater  than  the  absoiption  when  the  plant  is  exposed  to 
intense  li^t 

De  Saussure  ascertained  that  flowers  absorb  oxygen : 

Thus, 

flowers  of  Cheiranthus  itMUUtt  absorbed  iit>  vols,  of  oxygen  in  34  horns, 

double  flowers  of      „  1,  7*7  »,  n 

tamm^Tropo'olum  majut  „  8-5  ^  „ 

„       Datura  arborea  ^  '     9*0  ^ 

„       Passiflora  scrratiJoUa  „  -    18*5  „  „ 

Daucus  Carota  ^  8*8  ^  «i 

the  Tidune  of  the  flower  being  taken  as  unity. 

he  luuiid  further  that  the  essential  organs  of  the  flowei  are 
those  which  absorb  the  largest  proportion  of  oxygen,  and  that 
.the  androedum  does  so  more  actively  than  the  gynaeceum. 

The  volume  of  the  oigan  being  taken  as  unity,  the  organs  of  the 
flowen  absoibed  the  following  quantilies  of  oxygen : 

al»orbecl  in  lo  houn 

Staminale  flower    7*6  vols.  O. 

PistilfaUe     n  ...      ...      ...      .*•    3*5  a 

Anthers  ...  tt*y 

Stigmas      ,y  ...      ...     •••     •««    47  w 
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S]^  of  Typka  iMH^tiU 

absorbed  in  24  houn 

Pistillate  and  staminate  flower  mixed  9  8  vols.  O. 

Staminate  flowers   15*0  ^ 

Pistillate   6'2  « 

Zea  Mais, 

absorbed  in  94  hoMi 

Spike  of  staminate  flowers    9*6  vols.  O. 

Spike  of  pistillate  riowers    5*2 

From  his  observations  it  appears  that  the  absorption  of 
oxygen  is  most  active  when  the  flower  is  fully  open* 

As  to  the  absorption  of  oxygen  by  roots,  it  appears,  from 
the  researches  of  de  Saussure  and  of  Deh^rain  and  Vesque, 
that  if  the  roots  are  not  supplied  with  this  gas,  the  plant  will 
soon  begin  to  shew  signs  of  imlicalthiness,  and  will  ultimately 
die.  Tt  must  not  be  concluded  from  this,  however,  that  tlie 
root  absorbs  oxygen  and  supplies  it  to  the  rest  of  the  plant : 
this  effect  is  to  be  attributed  simply  to  the  fact  that,  in  the 
absence  of  oxygen,  the  roots  become  incapable  of  performing 
their,  proper  j^UMorbent  functions,  With .  r^rd  to  the  quanti- 
tative estimation  of  the  oxygen  absorbed,  de  Saussure  found 
that  a  root,  detached  from  the  rest  of  the  plant  and  placed  in 
a  closed  receiver  containing  air,  will  absorb  a  quantity  of 
oxygen  which  never  exceeds  its  own  volume :  if,  however, 
the  root  be  still  in  connexion  with  the  stem  and  leaves  of 
the  plant  and  these  be  outside  the  receiver,  the  root  will 
absorb  many  times  its  volume  of  ox3^n.  It  appears  from 
this  that  the  carbon  dioxide  formed  in  the  Isolated  root 
cannot  escape  from  it  after  equilibrium  is  set  up  between  tlie 
gases  of  the  root  and  those  of  the  receiver. 

The  following  figures  are  taken  from  Dehdrain  and  Vesque's  pnper  : 
111  thcii  experiments  the  roots  were  still  in  connexion  with  the  stem  and 
leaves  which  were  outside  the  receiver. 

Composition  of  the  air  in  the  receiver  ailer  the  root 
feadtooiiDicteair 


Total  qnsottty  of  gas  in  die  receiver,  i^S'a  ce. 
Oxygen,  23'6. 
Qurbon  dioodde^ 
Nilrogeiiy  110^ 

An  equal  quantity  of  mvmal  air  contains  98*34  cc.  of  oiygea,  and  a 
uaoe  of  caiboo  dioaudie. 
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*  With  regard  to  the  alisorption  of  oxygen  by  plants  arid 

parts  of  plants  which  contain  chlorophyll  abundantly,  Ingen- 
housz  pointed  out  that  they  convert  a  considerable  portion 
of  the  air  surrounding  them  into  carbon  dioxide  when  they 
are  not  exposed  to  light.  De  Saussure  found  that  leaves  of 
the  Oak,  the  Acacia,  the  Spanish  Chestnut,  and  other  plants, 
if  left  during  the  night  in  a  receiver  containing  air  over 
mercury,  absorbed  oxygen,  Boussingault  has  also  found 
that  leaves  absorb  oxygen  in  darkness* 

Subjoined  are  some  of  the  quantitative  results  which  de  Saussure 
obtaioed :  in  each  case  the  experiment  lasted  24  hours,  and  took  place  in 
the  dark  :  the  quantities  of  oxygen  absorbed  are  eacpressed  in  terms  of  the 
volume  of  the  leaf  taken  as  unity. 


Holly  (September)  0  86  vol.  O. 

Box                      »,  1*46  „ 

Cherry  Laurel  (May— young  leaves)  3*20  „ 

(Sqitemher)  1-36  „ 

Beech  (August)  Bxx>  „ 

Oak  (May)  5-50  „ 

Poplar  (May)  6*30  „ 

„  (September)  4*36  » 


From  these  figures  it  appears  lurther  that  young  leaves  absorb  more 
actively  than  older  ones. 

Since  it  was  known  that,  as  we  shall  see  hereafter,  leaves 
and  other  parts  of  plants  which  contain  chlorophyll  absorb 

carbon  dioxide  and  give  off  oxygen  when  they  are  exposed 
to  sunlight,  it  was  coacludrd  that  an  absorption  of  oxygen 
takes  place  only  in  darkness.  It  was  thought  that  during  the 
day  green  plants  absorbed  carbon  dioxide  and  gave  of!* 
ox3rgen,  whereas  at  night  they  absorbed  oxygen  and  gave  off 
carbon  dioxide.  The  researches  of  Garreau  shewed,  how- 
ever,  that  this  view  was  not  correct*  He  came  to  the  conclu- 
sion that,  in  leaves  exposed  to  the  light,  two  distinct  processes 
are  in  operation,  in  the  one  oxygen  is  absorbed  and  carbon 
dioxide  is  exhaled,  in  the  other  carbon  dioxide  is  absorbed 
and  oxygen  is  exhaled.  When  the  light  is  intciK^c,  when  the 
leaves  are  exposed  to  bright  sunHght  for  instance,  the  relative 
activity  of  the  latter  of  these  processes  is  so  much  greater  than 
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that  of  the  former  that  it  appears  as  if  the  former  onty  were  in 
operation. 

The  following  may  be  cited  as  examples  of  the  results  which  he 
obtained  ;  the  figures  in  the  third  column  denote  the  amount  in  c.c.  of 
diminutioQ  of  the  air  in  the  tube  (Fig.  15)  effected  by  100  grammes  of  the 

plant. 


tOTB 

Thw 

Monts  dasyphylla 

9  a.m 

.-6 

p.m. 

35 

Fine  day — shade 

Morus  dasyphylla 
PkoM^ims  imUUflarus 
Dahlia  variakms 

if 

9 

» 

—6 

n 

64 

Badly  lighted  room 

150 

10 
II 

>» 
If 

—6 
—6 

n 
11 

40 
14 

Doll  day 

Fine  day — shade 

Act-r  eriocarpon 

17" 

12 

>» 

—6 

»» 

45 

Diffuse  daylij^ht 

Ctrasus  Launhcerasus 

180 

10 

If 

-6 

t» 

20 

In  a  greenhouse 

Flo.  15. 


FIgi.  15  and  16  fifaHtnte  GantMli'f  eKperiments: 
Fio.  15*  ABC  is  a  gtan  toba  ef  1000— aooo  e.aa.  ctptdtj;  Us  lower  end  Is 
iiBBMasdiBavciielX>eoiitaiiiSqg^««teri  at  i?  then  is  a  wateb-gbui  eoBtaia- 
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ing  solution  of  polash.  The  carlion  liiuxide  exhaled  by  tlie  branch  intro- 
duced through  the  cork  A  is  absorbed  by  the  pota*h.  'Hie  water  rises  in 
the  lower  part  of  the  tube,  indicating  a  diminution  in  volume  of  the  air ;  this 
dilimitkio  is  due  to  the  sbeorptkm  of  oxygen  hy  the  hrtmA. 

Fig.  i6.  A  i>  a  glass  vessel  containing  a  solution  of  baryta  at  its  lower  part  ;  a 
branch  is  fixed  in  the  cork,  and  the  baryta  .solution  is>  introduced  through  the 
tubes  B.  As  carbon  dioxide  is  exhaled  a  precipitate  of  barium  carbonate  ia 
produced. 

Ia  view  of  the  laige  quantity  of  oxygen  which,  as  we  have 
seen»  is  absorbed  by  plants^  more  especially  by  Fungi^  we 
must  conclude  that  this  gas  is  used  up  in  their  metabolic 

processes,  and  with  these  we  may  also  connect  the  exhalation 
of  carbon  dioxide.  The  absorption  of  oxygen  and  the  ex- 
halation of  carbon  dioxide  constitute  what  is  known  as  the 
Respiration  of  plants.  The  significance  of  tliis  in  the  economy 
of  the  plant  will  be  discussed  hereafter* 


Absorption  of  Carbon  Dioxide, 

De  la  Hire  (1690)  and,  after  him,  Bonnet  (1754)  found  that 

green  plants  or  parts  of  plants  when  immersed  in  water  and 
exposed  to  sunlight  gave  off  bubbles  of  gas ;  and  Bonnet 
further  observed  that  no  bubbles  were  given  off  when 
the  water  had  been  previously  boiled.  Priestley  (1772) 
pointed  out  that  ** fixed  air"  is  absorbed  by  green  plants 
when  exposed  to  sunlight,  and  shewed  that  the  air  evolved 
by  leaves  under  these  circumstances  is  "  dephlogisticated/' 
Sin^bier  ( 1 783)  proved  that  the  amount  of  **  pure  air"  evolved 
by  green  plaiit.^  in  water  is  greater  when  a  considerable  amount 
of  "fixed  air"  is  held  in  solution,  and  he  thus  established 
a  connexion  between  the  absorption  of  "fixed  air"  and  the 
exhalation  of  "pure  air"  by  green  plants  when  exposed  to 
sunlight  Dc  Saussure  (1804)  confirmed  S^n^bier's  results, 
and  made  some  quantitative  determinations  of  the  amount  of 
carbon  dioxide  absorbed  and  of  oxygen  given  off. 

He  obtained,  for  instance,  the  following  results  :  the  stems  and  leaves 
of  seven  Periwinkle  plants  (Vinca'i  were  introduced  into  a  glass  receiver 
which  contained,  in  addition  to  the  plants,  air  ot  the  following  composi- 
tion ; 
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Nitrogen    4199  cc. 

Oxygen    1116  ^ 

Carbon  dioidde   43i  >* 

Total  amount  5746 

The  apparatus  was  exposed  daily  to  the  sunlight,  and  in  the  seventh  day 
the  plants  were  withdrawn  and  the  gas  in  the  receiver  analysed ;  its  com- 
position was  found  to  be, 

Nitrogen    433^  cc. 

Oxygen    1408  „ 

Carbon  dioxide   o  ^ 

5746 

Boussingault  (1844)  crave  the  direct  proof  thai  the  leaves 
take  up  the  carbon  dioxide  which  is  present  in  such  small 
proportion  in  the  air.  He  passed  air  through  a  large  glass 
receiver  in  which  a  branch  of  a  Vine,  bearing  about  twenty 
leaves,  was  hermetically  fixeci»  and  he  found  that,  when  the 
apparatus  was  exposed  to  light,  the  proportion  of  carbon 
dioxide  in  the  air  which  had  passed  through  the  receiver 
was  much  smaller  than  that  in  the  external  air :  in  one  case 
the  proportion  found  in  the  air  which  had  passed  through  was 
0.0002,  whereas  the  proportion  in  the  external  air  was 
0.00045,  and  in  another  case  the  proportions  were  0.0001  and 
0.0004. 

This  sort  of  experiment  has  been  repeated  with  various 
plants  by  Vogel  and  Wittwer,  by  Rauwenhoff,  and  by  Coren- 
winder,  the  results  being  in  all  cases  of  much  the  same  kind. 

It  is  clear,  therefore,  that  the  leaves  or,  more  generally 
speaking,  the  parts  of  plants  which  contain  chlorophyll,  absorb 
carbon  dioxide  from  the  air,  under  the  influence  of  sunHght. 

There  is  no  experimental  evidence  which  would  tend  to 
shew  that  this  property  is  under  any  circumstances  possessed 
by  plants  or  parts  of  plants  which  do  not  contain  chlorophyll. 
And  yet  it  was  thought  for  a  considerable  time  that  a  portion 
at  least  of  the  carbon  dioxide  which  a  plant  requires,  is 
absorbed  by  the  roots  from  the  soil  Thus  Liebig  distinctly 
asserted  that  roots  absorb  carbon  dioxide,  and  Unger  argued 
that  the  increase  of  carbon  in  a  plant  within  a  given  time 
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is  greater  than  could  be  accounted  for  by  the  absorption  of 
carbon  dioxide  from  the  air,  and  that  therefore  some  other 
source  of  supply  of  carbon — probably  the  carbon  dioxide 

absorbed  by  the  roots — must  be  assumed.  Recent  investiga- 
tions have,  however,  shewn  that  this  theory  is  quite  untenable. 
Bohm  has  found  that  a  plant  cannot  live  long  when  its  leaves 
are  enclosed  in  a  receiver  containing  air  from  which  all  car- 
bon dioxide  has  been  removed,  even  although  its  roots  are 
in  soil  rich  in  humus  and  therefore  also  in  carbon  dioxide ; 
and  Moll  has  come  to  the  conclusion  that  the  carbon  dioxide, 
which  may  be  present  in  one  part  of  a  plant  does  not  contri- 
bute to  the  formation  of  starch  in  the  chlorophyll-corpuscles 
of  another  part.  We  are  therefore  justified  in  holding  the 
opinion  that  the  carbon  dioxide  which  a  plant  requires  is 
absorbed  from  the  air  by  those  of  its  organs  which  contain 
chlorophyll. 


Figures  illustnUing  Moll's  experiments. 


Fig.  17.    The  glass  jar  covering  the  left-hand  plant  stands  in  a  dish  {6)  contain- 
ing solution  of  potash,  and  its  contents  communicate  with  the  air  by  means  of 

6—2 
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the  tube  d  whidi  contains  pumioe'Stone  ntimted  with  iolutioa  of  potuh :  llie 
^     jfAant  posses  thiongli  a  tnbttlatore  in  the  dish  6. 

'  '  The  teft*hand  plant  w  the  contiol^experiment ;  the  dish  ^'  contains  only  water, 
vand  the  air  has  free  access  to  the  interior  of  the  jar. 

The  air  in  ^  can  contain  no  carbon  dioxide,  whereas  it  is  present  in  the  air 
contidned  in  ^,  Moll  found  that  the  chlorophyll-corpuscles  in  the  leaves  of  the 
plant  in  c  contamed  no  starch  gnunsi  after  exposure  to  lig^t,  whereas  those  bf  the 
plant  in  ^  contained  them  abundantly. 


Fig.  1 8.  The  glass  bell-jar  i  stands  in  a  vessel  <:ontaining  water ;  in  this  is  plactd 
a  leaf  ^;  carbon  dioxide  to  the  extent  of  5  per  cent,  is  introduced  into  the 
air  of  the  bell-jar  by  means  of  the  lube  it  the  apical  end  of  the  leaf  ^  is  intro- 
duced into  another  glass  vessel  containing  a  quantity  of  solution  of  potash  d. 

Thus  one  part  of  the  leaf  ^  is  in  an  atmosphere  which  contains  a  large  quantity 
of  carbon  dioxide,  the  other  part  ^  is  in  an  atmosphere  whidi  contains  none. 
MoU  found  that  when  the  whole  apparatus  was  exposed  to  light,  starch  was 
formed  in  the  dilorophyll-corpuscles  of  ^,  but  none  in  those  of  5. 

The  amount  of  carbon  dioxide  absorbed  by  a  plant  is  so 
considerable  that  there  can  be  no  doubt  that  it  is  chemically 
transformed,  after  its  absorption,  in  the  metabolism  of  the 
plant.  The  nature  of  the  changes  which  it  undeigoes  will  be 
discussed  when  we  are  considering  the  constructive  metabolism 
of  the  plant.  •  1 

Adsorption  of  Nitrogen, 

The  (jueslion  as  to  w  hetlier  or  not  plants  can  take  up  any 
appreciable  cjuantity  of  free  nitro<:^en  from  the  air  has  long 
engaged  the  attention  of  chemists  and  physiologists.  Priestley 
and  Ingenhousz  concluded  from  their  experiments  that  plants  ^ 
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were  capable  of  doing  this;  S^n^bier,  Woodhouse  and  de 
Saussure  on  the  other  hand  found  that  no  such  absorption 
took  place.   Boussingault,  and  after  him  Lawes,  Gilbert,  and 

Put^h,  arrived  at  the  same  conclusion  as  de  Saussure  but  by  a 
ditlcrcnt  method  :  instead  of  determining  the  composition  of 
the  air  in  a  closed  receiver,  containing  the  plant,  at  the  begin- 
ning and  at  the  end  of  an  experiment,  they  determined  the 
amount  of  nitrogen  in  a  seed  and  then  allowed  a  similar  seed 
to  germinate  under  such  conditions  that  no  nitrogen  except 
the  free  nitrogen  of  the  air  could  have  access  to  it  They 
ascertained  that  the  amount  of  the  nitrogen  in  the  seedling 
was  not  greater  than  that  in  the  seed,  and  they  therefore  con- 
cluded that  the  young  plant  had  not  taken  up  this  gas  from 
tlie  air.  Their  investigations  will  be  discussed  more  fully 
hereafter  in  discussing  the  nature  of  the  food  of  plants. 

It  must,  however,  be  borne  in  mind  that  the  cell-sap  of 
plants  does  doubtless  hold  dissolved  in  it  a  certain  amount  of 
free  nitrogen,  since,  as  we  have  seen,  this  gas  is  soluble  to 
some  extent  in  water.  The  limit  of  solubility  is  soon  reached 
when  a  plant  is  growing  in  the  air,  and  so,  if  for  the  purposes 
of  experiment,  the  plant  is  then  placed  in  a  receiver  containing 
a  limited  quantity  of  air,  there  will  be,  as  de  Saussure  found, 
no  diminution  of  tlie  free  nitrogen  present.  I'here  is  a  ver^' 
great  difference  between  the  relative  amounts  uf  oxygen, 
carbon  dioxide,  and  nitrc^en,  which  arc  absorbed  in  the 
gaseous  form  by  plants.  We  have  seen  that  under  certain 
circumstances  the  whole  of  the  oxygen  in  a  limited  atmosphere 
may  be  absorbed  by  plants,  and  this  is  true  also  of  the  carbon 
dioxide,  whereas  no  nitrogen  is  absorbed,  for  the  cell-sap  of  all 
plants  exposed  to  the  air  is  saturated  with  this  gas.  We  con- 
cluded, on  account  of  the  large  quantities  of  oxygen  and 
carbon  dioxide  which  arc  absuibed,  that  these  gases  enter 
•  into  the  metabolism  of  the  plant  ;  we  must  therefore  conclude 
thaty  since  the  amount  of  free  nitrogen  absorbed  by  a  plant  is 
so  small  that  it  can  be  accounted  for  by  the  mere  solubility  of 
the  gas,  this  gas  does  not  enter  into  the  metabolism  of  the 
plant. 
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AbsitrpHan  of  Ammenta, 

The  air,  as  wo  have  seen,  occasionally  contains  minute 
quantities  of  ammonia  and  nitric  acid.  Of  these  gases,  the 
former  is  given  off  during  the  combustion  and  decomposition 
of  nitrogenous  oi^^anic  substances,  the  latter  is  formed  probably 
by  the  direct  combination  of  the  nitrogen  and  oxygen  of  the 
air  which  is  effected  by  Hgfhtnlngf-flashes.  These  gases  do  not, 
however,  exist  isolated  in  the  alinosphere  :  the  ammonia  will 
combine  with  the  nitric  acid,  and,  in  the  absence  of  this  acid, 
it  will  combine  with  the  carbonic  acid  of  the  air. 

The  quantities  of  these  substances  present  at  any  time  in 
the  air  are  very  small,  and,  inasmuch  as  they  are  very  soluble 
in  water,  and  will  therefore  be  washed  out  of  the  air  by  rain, 
it  is  obvious  that  this  source  of  combined  nitrogen  cannot  be 
of  any  great  importance  to  the  plant  Still  the  question  as  to 
whether  or  not  plants  can  absorb  ammonia  in  the  gaseous  form 
from  the  air  is  an  interesting  one,  and  one  which  has  received 
the  attention  of  many  observers.  The  researches  of  Ville 
prove  that  ammonia  can  be  absorbed  from  the  air  by  the  leaves, 
but  that  this  absorption  is  very  small  under  ordinary  circum- 
stances is  shewn  by  an  experiment  of  Boussingault  A  Dwarf 
Runner  was  planted  in  a  soil  containing  no  nitrogen  and  left 
to  grow  in  the  open  air,  protected  however,  from  the  rain,  for 
nearly  four  months  ;  it  was  then  estimated  that  the  plant  had 
gained  00031  grm.  of  nitrogen  dut  ing  the  experiment  Sachs 
found  that  a  plant  absorbed  amiT!  nium  carbonate  (probably 
carbamate)  when  it  was  present  in  the  air,  and  this  result  has 
been  since  confirmed  by  Mayer  and  by  Schldsing. 

The  following  are  some  of  Mayer's  results.  In  his  experiments, 
Cabbage-plants  of  approximatdy  the  same  weight  were  grown  under 
various  coDditions,  and  the  propoition  of  nitrogen  present  in  each  was 
determined  at  the  close  of  die  experiment :  one  of  the  plants  was  analysed 
at  the  beginning  of  the  experiment*  to  afford  a  means  of  comparison. 

Plant  at  commencement  of  expt         0*364  gnn.     010100  27 
„   grownittopenaur— endof  expt   0*713  „        0*0128  1*8 

„      receiver  without  NH,   f^iS  -        010138  1-9 
"        "  '    10779  »>        0-0129  17 

**  "  ^         11-562   M  0*0380  2'4 
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Occasionally  other  gase%  such  as  sulphur  dioxide,  sulphu- 
retted  hydrogen^  and  hydrochloric  add,  are  present  in  the  air 
in  the  netgfabourhood  of  chemical  works.  The  plants  of  the 

district  very  soon  become  unhealthy  and  die,  so  there  is 
reason  to  believe  that  tliese  gases  are  absorbed  by  the  leaves. 
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TliE  MOVEMENT  OF  WAILK  IN  FLAMS. 

We  have  now  to  consider  the  distribution  throughout  the 
plant  of  the  water  whichi  as  we  saw  in  the  last  lecture,  is  ab- 
sorbed by  the  roots. 

There  is  no  doubt  that  the  distribution  of  water  takes 

place,  to  some  extent  at  least,  in  the  same  manner  and  by 
virtue  of  the  same  forces  as  its  absorption,  tliat  is,  it  passes 
by  osmosis  from  one  cell  to  another  just  as  it  passed  ori- 
ginally from  without  into  the  superficial  cells  of  the  plant. 
Further,  inasmuch  as  the  movement  is  the  expression  of  a 
tendency  towards  fluid  equilibrium  in  the  plant,  that  is,  that 
the  proportion  of  water  in  each  cell  should  be  the  same 
throughout,  the  direction  of  this  movement  is  not  necessarily 
constant:  it  proceeds  from  those  parts  which  are  relatively 
rich  in  water  towards  those  which  are  relatively  poor,  and 
naturally  if  water  is  given  off  at  any  point  of  the  free  surface 
of  the  plant,  a  current  will  be  set  up  in  the  tissues  towards 
that  point. 

These  statements  apply  not  only  to  water,  but  also  to  the 
gases  and  the  substances  which  the  water  holds  in  solution. 
These  travel,  as  we  have  seen  (p.  44),  by  osmosis  from  cell  to 
cell,  the  direction  of  their  movement  being  determined  simply 
by  the  relative  quantities  of  them  in  different  parts  of  the 
plant.  The  final  cause  of  the  movement  is  the  removal  of 
the  various  substances  from  the  sphere  of  osmotic  activity, 
in  consequence  of  tlie  chemical  or  physical  chani^es  which 
they  undergo  in  the  living  cells  of  different  parts  of  the  plant. 
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These  changes  are  more  especially  active  for  different  sub- 
stances in  different  parts  of  the  plant,  and  consequently  the 

rapidity  of  transmission  of  certain  substances  in  any  par- 
ticular direction  will  be  pfreater  ihan  that  of  others.  Thus, 
the  inorganic  substances  absorbed  by  the  roots  pass  into  the 
cells  of  the  leaves  where  they  are  concerned  in  the  processes 
of  constructive  metabolism  which  are  in  operation  in  those 
organs,  and  the  products  of  these  processes  pass  from  the 
leaves,  either  to  those  parts  of  the  plant  in  which  growth 
is  actively  proceeding  and  plastic  material  is  required,  or  to 
those  parts,  such  as  seeds,  tubers,  etc,  in  which  stores  of 
organic  substances  arc  being  laid  up. 

This  is  the  only  way  in  which  the  distribution  of  water  is 
effected  in  cellular  plants,  in  plants,  that  is,  which  do  not 
possess  fibrovascular  bundles.  It  is  only  one  of  the  ways  in 
vascular  plants,  and  we  will  now  endeavour  to  ascertain  what 
the  other  ways  are* 

It  is  a  matter  of  common  observation^  which  Ray  seems 
to  have  first  carefully  noted,  that  when  the  stems  of  vascular 

plants  are  cut  in  the  s^iriii^,  a  flow  of  watery  fluid  frequently 
takes  place  from  the  cut  surface  of  that  portion  of  tlic  stem 
which  is  connected  with  the  root.  This  fact  was  investigated 
with  great  thoroughness  by  Hales,  and  he  concluded  that 
there  is  "a  considerable  energy  in  the  root  to  push  up  sap  in 
the  bleeding-season."  The  correctness  of  Hales'  conclusion 
was  confirmed  by  the  experiments  of  Dutrochet,  in  the  course 
of  which  he  ascertained  that  a  flow  of  sap  only  takes  place 
hum  the  cut  surface  of  a  stem  when  it  is  organically  con- 
nected with  the  roots,  and  from  that  of  a  root  when  it  is  in 
connexion  with  the  soil  by  means  of  root-hairs.  The  Root- 
pressure,  as  this  force  is  termed,  is  therefore  the  expression  of 
the  absorbent  activity  of  the  root-hairs. 

This  subject  was  studied  at  a  later  period  by  Hofmeister. 
He  found  that  bleeding"  is  not  peculiar  to  woody  plants,  as 
his  predecessors  had  supposed,  but  that  it  occurs  in  herba- 
ceuus  plants  also;  and  further,  that,  although  it  can  be  most 
readily  observed  in  the  spring,  it  may  be  artificially  induced 
at  any  season. 
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Iht  cmnpoeilion  of  the  fluid  obtained  from  a  Biidi  in  tbe  spring 
m  fMmd  hy  SchrSder  to  be  tbe  following : 

I  litre  contained 

Ash    o'52  grms. 

Sugar  (Leviilose)   12*00  „ 

Protcid       ...       ...       ...  002  „ 

Malic  acid    0  5 1 

Schroder  confirmed  Knight's  observation  that  the  proportion  of  sugar  is 
less  the  higher  the  part  of  the  tree  from  which  the  fluid  is  taken,  and  he 
found  that  this  was  generally  true  of  the  other  substances  also. 

But  the  root-pressure  does  not  only  manifest  itself  hy 
causing'  a  flow  of  sap  from  the  cut  surfaces  of  plants;  it  also 
causes,  in  many  plants,  the  exudation  of  drops  of  sap  at  the 
free  surface.    Thus  drops  may  commooiy  be  seen  on  the  sur- 


A 


Fig.  19  (after  Gardiner):  A,  section  of  leaf  of  Saxifraga  cmstata,  shewing  the 
water -gland,  which  U  continuous  at  its  base  with  a  fibro- vascular  bundle; 
m,  watcr-pore;  ^,  bain  to  wblcb  tbe  deporft  of  edefana  eubonate  beooBMS 
illadifid  OB  the  ovaDondoD  of  tbe  rmilfd  dtppg  of  tiattf. 

odis  of  tbe  g^aad  aion  bigbljr  aiagnified. 

face  of  certain  Fungi  (Pilobolus  crystallinus,  PenicilUum  glau- 
am,  Msndms  laerimans)  which  have  been  doubtless  exuded 
at  a  oonsequenGe  of  the  hydrostatic  pressure  existing  in  the 
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plant,  set  up  by  the  active  absorption  going  on  in  the  oigans 
(rhizofds)  which  here  perform  the  functions  of  roots.  Again, 

if  care  be  taken  to  prevent  evaporation,  it  will  be  found  that 
drops  are  formed  on  the  ma  renins  and  at  the  apices  of  the 
leaves,  especially  the  younger  ones,  of  many  plants,  such  as 
Grasses,  Aroids,  Alchemiilas,  Saxifrages,  etc.  That  the  forma- 
tion of  these  drops  depends  upon  the  forcing  of  water  into 
the  cavities  of  the  vessels  by  the  root-pressure  is  shewn  by 
the  fact  that  if  the  stem  be  cut  off  and  placed  in  water,  no 
more  drops  will  appear  on  the  leaves.  If,  in  this  experiment, 
the  cut  stems  be  allowed  to  remain  for  some  days  in  water, 
they  will  in  many  cases  produce  adventitious  roots:  when  this 
takes  place  the  formation  of  drops  on  the  leaves  at  once 
recommences.  Again,  Moll  has  shewn  that  if  the  root- 
pressure  be  replaced,  in  the  case  of  a  cut-off  branch,  by  the 
pressure  of  a  column  of  mercury,  an  exudation  of  drops  will 
take  place. 

Some  idea  of  the  quantity  of  water  wliich  thus  exudes  in  tiie  fonn  of 
drops  Is  afforded  by  tlie  following  observatioas.  Williamson  obtained 
halfa-pint  of  fluid  in  one  night  from  a  leaf  uf  Caiadnm  dUHBaiarhim, 
Vnga  obtained  from  JRickandta  JEUda^ica^  in  one  caae^  26*5  gnus,  firam 
six  leaves  in  eteven  days,  and  in  another,  36  grins,  from  four  leaves  in 
ten  days :  from  a  leaf  of  Cohcada  anUquorum  (var.  FMtiuusii)  Duchartre 
obtained  in  one  night  (August)  12  grms.,  in  the  following  night  13*1,  and 
later  (commencement  of  September)  14*35  gnns. ;  in  other  instances  he 
obtained  as  much  as  22*6  gnns.  On  several  occasions  Duchartre  observed 
the  formation  of  120  drops  in  one  minute. 

Those  leaves  which  exhibit  this  exudation  of  drops  frequently  have 
^>ecially  modified  apertures,  termed  water-pores  (see  Fig.  19,  A\  through 
which  the  drops  come  to  the  surface,  and  these  pores  are  placed  singly 
or  several  together  over  the  terminrition  of  a  tibrovascular  bundle,  which 
may  or  may  not  be  glandular.  In  other  cases  the  drops  pass  through 
the  ordinary  stomata,  and  in  others  again  the  water  exudes,  not  through 
any  special  openings,  but  simply  through  the  walls  of  the  epidermal  cells. 

It  can  be  readily  observed  that  the  liquid  which  is  poured 
out  by  a  bleeding  stem  escapes  from  the  onfices  of  the  vessels 

of  the  wood,  and  it  is  also  in  these  channels  that  it  is  con- 
veyed to  the  leaves  on  wliich  drops  are  lornied.  We  must  now 
endeavour  to  become  acquainted  with  the  mode  in  which  the 
fluid  absorbed  by  the  root-hairs  obtains  access  to  the  vessels, 
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and  in  order  to  do  this,  we  will  first  of  all  briefly  consider  the 
structure  of  the  root 

The  structure  of  the  root  is  tolerably  uniform  throuf^hout 
the  vascular  plants.   It  consists,  generally  speaking,  of  a 


Fig.  «o.  Tnnsvene  section  of  the  root  of  Ltfidium  MHv$m  (the  Ctas) ;  <^  the 
mMfj»ITiTlAr  yoot-hairs  ;  tbe  epidermiii ;  the  cortical  parenchyma ;  the 
eodal  fibfofaiciilar  qrlinder  s  «,  the  bimdle^heath  (endodennis) ;  /  the  cential 
vood*vestds» 


central  fibrovascular  cylinder  which  may  or  may  not  enclose 
a  certain  amount  of  pith:  this  cylinder  is  surrounded  by 
several  layers  of  parenchymatous  cells,  and  the  most  external 
of  these  layers  is  in  contact  with  the  epidermis,  of  which  cer- 
tain cells  are  modified  into  root-hairs  (Fig.  20).  Water  and 
substances  in  solution  are  absorbed,  as  we  have  already  seen, 
osmotically  by  tbe  root-hairs,  and  they  are  transferred  in  this 
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way  through  the  layers  of  parenchymatous  cells.  It  is  ob- 
vious, however,  that  water  cannot  pass  by  osmosis  from  one 
of  the  cells  of  the  Innermost  parenchymatous  layer  into  an 
adjoining  vessel,  for  the  conditions  of  osmosis  are  not  fulfilled, 
inasmuch  as  the  vessel  at  first  contains  no  liquid.  If  water 
is  to  pass  from  a  parenchymatous  cell  into  the  vessel  it  can 
only  do  so  by  filtration.  For  this,  a  certain  pressure  is  neces- 
sary, and  this  is  set  up  by  the  absorbent  activity  of  the  root- 
hairs  and  of  the  parenchymatous  cells;  the  system  of  cells 
absorbs  large  quantities  of  water,  more  indeed  than  the  cells 
can  contain,  so  that  at  length  the  resistance  of  the  cell-walls 
is  overcome  at  what  is  presumably  the  weakest  point,  and 
water  filters  into  the  cavities  of  the  vessels  of  the  wood. 
There  it  collects,  and  it  may  in  certain  cases  fill  the  wliole 
vascular  system,  and  then,  since  absorption  is  still  going  on 
at  the  roots,  sufficient  pressure  is  set  up  to  cause  that  exuda- 
tion of  drops  on  the  leaves  with  which  we  have  already  become 
acquainted :  if,  however,  the  stem  be  cut  across,  the  liquid  in 
the  vessels  will  escape,  and  the  phenomenon  of  "  bleeding" 
will  take  place. 

Since,  as  we  have  seen,  the  amount  of  liquid  in  the  vessels 
necessarily  depends  upon  the  absorbent  activity  of  ilic  roots, 
the  amount  of  liquid  which  escapes  from  the  cut  surface  of  a 
root-stock  in  a  given  time  may  be  taken  as  a  measure  of  that 
activity,  and  the  force  with  which  it  escapes  may  be  taken  as  a 
measure  of  the  osmotic  forces  which  are  in  operation  in  the  root 

The  following  liguies  will  give  some  idea  of  the  rate  oi  How  Irom  the 
cut  surfaces,  and  of  the  pressure  under  which  it  escapes,  Hofmeister 
obtained  the  following  quantities  of  liquid : 

UriUa  unm  gave  in  99  hours,  3025  cub.  mm. 

Pktueolus  muUiJlorus  „  49  „  3630  „ 
Heliantkus  amnuus       „     133     „     5830  „ 

He  also  made  the  following  determinaiions  oi  the  pressure  by  means  of  a 
mercurial  manometer ;  the  numbers  given  are  maxima. 

Pisum  sativum   12  mm. 

riiasiolus  nanus  ...       ...       ,.,       58  „ 

Phaseolus  muUifiorus    179  „ 

Urtica  urens    354  „ 

Vitis  vini/ura    804  „ 
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For  Vitis,  Hales  determined  a  pressure  of  33)  inches  of  mercuryi  or 
Sij'S  mm. 

It  must  not  be  assumed,  however,  that  either  the  pressure 
or  the  rate  of  flow  is  uniform.  It  was  observed  by  Hales  that 
when  the  column  of  mercury  in  the  manometer  has  reached  a 
certain  height,  it  begins  to  oscillate.  We  have  seen  that  the 
height  of  the  column  of  mercury  is  a  measure  ,  of  the  root- 
pressure,  and  therefore  its  variations  must  be  due  to  variations 
of  the  root-pressure.  Hofmeister,  in  further  tnvesti<;ating  this 
matter,  made  the  interesting  discovery  that  these  variations 
have  a  regular  daily  periodicity.  The  column  rises  in  the 
morning  and  during  the  forenoon;  then  it  usually  sink>  some- 
what, rises  again  towards  evening,  and  falls  during  the  night: 
frequently  the  slight  fall  in  the  afternoon  does  not  take  place. 
According  to  the  more  recent  researches  of  Baranetzky  and 
of  Detmer,  it  appears  that  the  maximum  is  generally  attained 
in  the  afternoon,  though  the  exact  hour  varies  with  different 
species  of  plants:  in  any  case  there  is  usually  an  interval  of 
about  twelve  hours  between  the  maximum  and  the  minimum 
flow.  The  daily  period  is  constant  for  plants  of  the  same 
species,  provided,  however,  that  they  are  of  the  same  age,  and 
that  the  conditions  of  their  growth  have  been  the  same  for 
some  time  before  the  experiment;  in  fact»  quite  young  plants 
do  not  exhibit  a  periodicity  at  all. 

What,  now,  are  the  causes  of  this  periodicity?  Since  we 
have  already  learned  in  a  previous  lecture  that  the  tempera- 
ture of  the  soil  has  an  important  influence  upon  the  absorbent 
activity  of  the  roots,  it  seems  reasonable  to  suppose  tluii  the 
daily  variations  of  temperature  in  the  soil  induce  a  similar 
periodicity  in  the  absorbent  activity  of  the  roots.  This  ex- 
planation is,  however,  shewn  to  be  incorrect  by  the  fact  that 
the  absorbent  activity  of  roots  is  perceptibly  affected  only 
by  very  considerable  variations  of  temperature  of  the  soil, 
variations  which  are  much  greater  than  those  which  take 
place  in  nature ;  and  by  direct  experiments  in  which,  whilst 
the  temperature  of  the  soil  was  falling,  the  rate  of  flow  was 
found  to  be  increasing.  This  periodicil}'  is  tin  l  efore  not  the 
immediate  result  of  variations  in  external  conditions ;  it  is 
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inherent  in  the  absorbent  cells  themselves.  It  has  doubtless 
been  induced  in  plants  by  the  daily  variations  of  external 
conditions,  perhaps  more  especially  of  illumination,  which 
are  involved  in  the  alternation  of  day  and  night ;  but  it  has 

become  so  much  a  part  of  the  nature  of  plants  that  it  is 
exhibited  even  when  the  conditicKis  which  originally  induced 
it  are  not  present,  and  it  is  transmitted  from  generation  to 
generation.  We  shall  find  hereafter  that  many  of  the  pheno- 
mena of  plant-life  are  periodic,  and  their  periodicity  has 
doubtless  been  induced  in  like  manner. 

But  the  vessels  of  the  wood  of  plants  do  not  always  con- 
tain watery  fluid.  Hales  observed  that  whereas  a  Vine  will 
bleed  ficcly  if  its  stem  be  cut  in  the  month  of  April,  no  bleed- 
ing will  take  place  if  it  be  cut  in  July.  And  yet,  since  in  July 
the  foliage  of  the  plant  is  fully  developed,  and  it  is  losing 
considerable  quantities  of  water  by  transpiration,  it  is  evident, 
as  Hales  did  not  fail  to  point  out,  that  a  current  of  water  must 
be  passing  through  the  stem  from  the  roots  to  the  leaves. 
This  current  we  will  term  the  transpiration-current.  What» 
then,  are  the  channels  by  which  this  current  travels,  if  it 
is  not  by  the  cavities  of  the  vessels  ?  An  answer  to  this 
question  is  suggested  by  the  structure  of  those  vascular 
plants— submerged  water-plants — which  lose  !io  water  by 
transpiration,  and  in  whicli,  therefore,  the  current  in  question 
does  not  exist.  An  examination  of  a  transverse  section  of  the 
stem  of  one  of  these  plants  shSivs  that  the  wood  is  but  feebly 
developed,  and  that  the  walls  of  its  constituent  cells  are  but 
slightly  lignified  if  at  all.  Inasmuch,  then,  as  the  wood  of 
these  plants,  which  do  not  transpire,  differs  so  much  in  struc- 
ture from  thai  of  those  which  do  transpire,  it  must  be 
inferred  that  the  wood  is  of  some  importance  in  connexion 
with  this  function.  The  correctness  of  this  inference  can  be 
proved  experimentally.  If  a  ring  of  cortical  tissue,  extending 
inwards  as  far  as  the  cambium,  be  removed  from  the  stem  of  a 
dicotyledonous  plant,  it  will  be  found  that  the  leaves,  which 
are  borne  on  branches  arising  from  the  stem  above  the  level 
at  which  the  ring  has  been  removed,  will  not  exhibit  any  signs 
of  withering,  and  Knight  found  that  this  was  also  the  case 
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I  when  both  cortical  parenchyma  and  pith  were  removed.  It  is 
5  evident  that,  in  spite  of  the  removal  of  these  tissues,  the  leaves 
still  continue  to  receive  from  the  roots  a  supply  of  water  which 
is  sufficient  to  compensate  their  loss  by  transpiration,  and  thus 
to  enable  them  to  remain  fresh  and  turgid.  This  supply  of 
water  must  necessarily  ascend  to  them  through  the  wood  of 
the  stem,  since  this  Is  the  only  tissue  which  still  connects  them 
*       with  the  roots. 

It  is,  then,  the  wood  by  which  the  water  which  is  required 
to  make  up  for  the  loss  by  transpiration,  is  conveyed  from  the 
roots  lo  the  leaves.    In  annual  plants,  the  whole  of  the  wood 
conducts  water,  but  in  perennial  plants  it  is  only  the  younger 
wood.    This  is  proved  by  an  experiment  made  by  Knight 
I       and  Dutrochet  They  cut  a  ring  of  tissue  out  of  die  stem 
I      of  an  Oak  to  such  a  depth  that  the  younger  wood  (alburnum) 
was  removed  and  the  older  wood  (duramen)  was  laid  bare. 
The  leaves  soon  began  to  wither,  and  the  tree  subsequently 
j       died.    \\  hen  the  wood  once  becomes  dry  it  loses  its  capacity 
,       for  imbibition,  and  can  therefore  no  longer  serve  for  the  con- 
'       duction  of  water  in  the  plant. 

Since  we  know  that  the  water  travels  upwards  through 
the  young  wood,  and  since  it  is  stated  that  at  the  time 
when  the  current  is  most  active^  the  cavities  of  the  cells  and 
vessels  contain  no  water,  we  must  conclude  that  it  travels  in 

ft 

the  substance  of  their  cell-walls.   This  conclusion  is  quite  in 
^        harmony  with  what  wc  know  uf  the  properties  of  lignified 
cell-walls.    We  learnt,  in  the  second  lecture,  that  such  cell- 
walls  readily  take  up  water,  witliout,  however,  exhibiting  any 
perceptible  swelling,  so  that  their  maximum  saturation  or 
imbibition  is  very  soon  attained.  They  part  with  water  as 
readily  as  they  lake  it  up,  so  that  a  veiy  small  force  will  set 
up  a  current  This  is  well  shewn  by  the  following  experiment 
of  Sachs.   If  a  portion,  two  or  three  feet  long,  of  the  stem  of 
a  young  Fir  be  taken  in  the  \\  inter,  when  it  is  saturated  with 
•  water,  and  the  two  ends  be  c  ut  mooth  with  a  knife,  they  will 
be  found  to  be  quite  dry  when  the  piece  of  stem  15  held  verti- 
i       tally.   If  now  the  upper  cut  surface  be  wetted  by  means  of 
a  hnishy  the  lower  cut  surface  will  be  seen  to  become  moist 

V.  ^ 
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immediately ;  on  reversing  tlie  position  of  the  two  ends  the 
phenomenon  will  be  repeated.   This  cannot  be  explained  by 

assuming  that  the  water  placed  on  the  upper  surface  simply 
runs  through  open  vessels  to  the  lower  surface,  for  the  escape 
of  water  at  the  lower  surface  takes  place  first  from  the  young 
wood  (alburnum)  which,  in  the  Fir  and  other  Conifers«  contains 
no  vessels,  but  consists  of  completely  closed  wood-cells 
(tracheldes).  The  true  explanation  is  that  the  slight  pressure 
exercised  by  the  layer  of  water  on  the  upper  surface  is  at  once 
transmitted  to  the  water  which  saturates  the  walls  .of  the 
wood-cells  and  which  forms  a  continuous  column,  and  con- 
sequently an  immediate  escape  of  water  takes  place  at  the 
lower  surface. 

Altliough  the  experimental  evidence  given  above  applies 
only  to  Dicotyledons  and  Conifers,  yet  it  is  equally  true  that 
in  Monocotyledons  and  in  Vascular  Cryptogams^  the  stems 
of  which  differ  considerably  in  their  anatomy  from  those  of 
Dicotyledons  and  Conifers,  the  transpiration-current  travels 
in  the  lignified  cell-walls.  In  these  plants  the  amount  of 
wood  in  the  fibro-vascular  bundles  is  very  small  in  relation  to 
the  bulk  of  the  stem  ;  it  is  probably  insufficient  to  serve 
as  a  channel  for  the  supply  of  water  to  the  leaves.  It  is 
probable,  as  Sachs  suggests,  that  the  deficiency  is  made  up 
by  the  conduction  of  vnter  through  the  wails  of  the.  lignified 
sclerenchymatous  cells  which  form  so  large  a  portion  of  the 
ground*tis8ue  in  the  stems  of  these  plants. 

Another  account  of  the  conduction  of  the  transpiration  current  has 
been  given  by  Rdbm.  He  states,  and  in  this  he  is  confirmed  by  EUving 
and  by  Hartig,  that  the  conducting  cells  of  the  wood  always  contain  some 
water,  even  when  transpiration  is  most  active.  He  considers  the  mechan- 
ism of  conduction  to  be  this ;  that  when  water  is  withdrawn  from  a 
conducting  cell,  the  air  which  it  contains  becomes  rarefied  and  the 
tension  in  the  cell  is  then  less  than  in  the  neighbouring  cells;  as  a  conse- 
quence water  is  forced  by  filtraiion  under  pressure  through  the  pits  in  the 
wall  of  the  cell  unui  equilibrium  is  restored.  Inasmuch  as  the  air  in  the 
con (lur ting  cells  of  the  leaves  is  constantly  undergoing  rarefaction  in 
consequence  of  transpirationi  a  current  is  set  up  towards  the  leaves  from 
the  stem. 

According  to  Hartig  the  durainen  usually  contains  water,  and  it  seems 
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to  sen  e  as  a  lesenroir  upon  vhicfa  the  conducting  cells  of  the  albiimum 
candxiaw. 

We  are  now  in  a  position  to  give  a  connected  account  of 

the  transpiration-current  The  water  absorbed  by  the  root- 
hairs  filters  under  pressure  from  the  innermost  parenchymatous 
cells  of  the  root  into  the  walls  of  the  adjacent  wood-cells  :  at 
the  same  time  water  is  being  withdrawn  by  the  transpiring 
leaves  from  the  wood  of  the  stem,  and  the  demand  Is  met  by 
the  conduction  of  water  upwards  from  the  root  through  the 
lignified  cell-walls.  It  may  happen  that  the  quantity  .of 
water  forced  In  a  given  time  Into  the  wood  of  the  root  b 
not  so  great  as  that  which  is  transpired  by  the  leaves.  Under 
these  circumstances  the  plant  becomes  flaccid  and  begins  to 
wither.  On  the  other  hand  it  may  happen  that  the  quantity 
of  water  forced  into  the  wood  of  the  root  in  a  given  time  is 
greater  than  that  which  is  transpired  by  the  leaves.  Under 
these  circumstances  the  water  filters  into  the  cavities  of  the 
cells  and  vesseb  of  the  wood  of  the  root  and  collects  there. 
This  latter  condition  is  the  one  which  obtains,  for  Instance*  in 
plants  in  the  spring,  and  gives  rise  to  the  phenomenon  of 
bleeding,  wiiich  we  have  already  considered. 

In  the  course  of  the  very  numerous  experiments  which  have  been 
made  on  the  filtration  of  water  through  wood,  it  has  been  found  that 
satisfactory  results  can  only  be  obtained  when,  in  the  first  place»  the 
water  is  quite  pure  (distilled),  and  in  the  second*  the  cut  surface  is  quite 
fresh.  If  the  cut  surface  is  allowed  to  become  dry,  the  filtration  is  much 
retarded.  It  has  been  found,  further,  that  in  long-continued  filtration- 
experiments,  the  rate  of  filtration  gradually  diminishes  :  if,  however,  a 
tliin  layer  be  removed  from  the  surface  of  the  piece  of  -^vnod  ^vhich  has 
been  in  contact  with  tlie  water,  and  the  cxix  n merit  be  then  resumed,  the 
rate  of  ftUration  is  aeain  considerable,  l  iua  giaciually  increasing  resist- 
ance to  filtration  is  due,  as  von  Hohnel  has  shewn,  to  the  fact  that  the 
cut  surface  becomes  covered  with  a  1 er  of  nuicila^^inous  substance, 
derived  paruv  lioiji  the  cells  wiuch  have  bceii  ncccbbauly  inuUlaicd,  and 
partly  from  Bacteria  which  grow  and  multiply  in  it.  This  is  also  the 
reason  why  cut  branches  wither  even  when  their  ends  are  placed  in  water. 

The  vMt  trustworthy  observations  which  we  have  as  to 
the  rate  at  which  the  transpuation-cnrrent  travels  in  the  wood 
are  those  of  Sachs.   His  method  consisted  in  supplying  the 
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roots  of  plants  with  a  solution  of  a  salt  of  lithium,  and  deter- 
mining, by  means  of  the  spectroscope,  the  length  of  stem  in 
which  lithium  could  be  detected  after  the  lapse  of  a  given 
time.  The  following  are  some  of  the  results  which  he  obtained, 
the  plants  being  under  such  conditions  as  to  promote  their 
transpiration  as  much  as  possible. 

Plants  with  roots  in  watw  Rale  of  rite  per  hour 

SaHx fragitU    85x1  cm. 

Zta  Mais    3610  ^ 

Plaali       lOQti  in  eudi 

Nicotiana  Tabacum    Il8*0  „ 

Albizzia  Lophanika    154*0  «, 

Musa  Sapienium    997  ^ 

Helianthus  annuus    63  o  „ 

Viiis  vini/era   98*0 

It  must  be  pointed  out  that  Sachs  ascertained  by  means  of  experi- 
ments with  strips  of  blotting  paper,  that  the  lithium  salt  travels  as 
rapidly  as  the  water  in  which  it  is  dissolved}  but  it  does  not  necessarily 
foUow  that  this  is  the  case  in  the  plant 

It  is,  then,  by  means  of  the  fibro-vascular  tissue  that  water 
is  distribuicd  to  all  parts  of  the  plant,  and,  provided  that  the 
supply  absorbed  by  the  root  is  adequate,  witli  sufficient  rapidity 
to  maintain  the  turbidity  even  of  those  parts  in  which  trans- 
piration is  active.  The  distribution  of  water  from  the  libro- 
vascular  bundle  in  a  transpiring  organ,  a  leaf  for  instance, 
follows  a  course  which  is  the  exact  converse  of  that  which 
takes  place  in  the  root  In  this  case  the  more  externa!  cells, 
those  which  bound  the  intercellular  spaces,  are  those  which 
are  first  affected  by  transpiration ;  they  obtain  fresh  sup- 
plies of  water  by  osmosis  from  the  more  internal  cells,  and 
these,  in  turn,  obtain  water  from  the  cells  of  hbro-vascular 
bundles  with  which  they  are  in  relation.  There  is  thus  a 
current  of  water  set  up  passing  from  within  outwards. 

We  became  acquainted  at  the  outset  with  the  remarkable 
property  possessed  by  the  parenchymatous  cells  of  the  roots 
of  absorbing  water  to  such  an  extent  as  to  set  up  sufficient 
pressure  to  cause  water  to  filter  out  of  them.  This  property 
is,  however,  not  peculiar  to  the  cells  in  question,  and  we  may, 
in  concluding  this  lecture,  briefly  consider  the  instances  which 


Digitized  by  Go 


THE  MOVEMENT  OF  WATER  IN  PLANTS.  lOI 

Have  been  observed  of  a  similar  process  in  other  parts  of  the 

plant  The  most  fcuni'iar  instance  is  the  excretion  of  nectar 
by  nectaries.  The  structure  of  a  nectary  is  essentially  similar 
to  that  of  a  water-gland  (see  fig  19,  p.  91),  but  its  properties 
are  very  different.  We  have  seen  that  the  excretion  of  liquid 
by  a  water-gland  is  entirely  dependent  upon  the  root-pressure; 
when  the  organ  bearing  the  water-gland  is  separated  from  the 
rest  of  the  plant,  the  secretion  at  once  ceases.  It  is  not  so 
with  a  nectary.  If  a  flower  containing  nectaries,  that  of 
Fritillai  ia  uji/^Lna/is  for  example,  be  cut  off,  and  the  drops  of 
nectar  be  removed  by  means  of  blotting-paper,  it  will  be  found 
after  a  time  that  large  drops  have  been  excreted.  The  cells  of 
die  nectary,  like  those  of  the  parenchymatous  tissue  of  the  root, 
have  the  power  of  setting  up  within  themselves  so  great  a 
hydrostatic  pressure  as  to  force  out  by  filtration  the  fluid 
which  th^  contain.  This  is  true  also  with  regard  to  the 
pitchers  of  Nepenthes.  But  it  must  not  be  supposed  that 
this  property  is  confined  to  special  organs;  it  is  probable,  as 
suggested  in  a  previous  lecture  (p.  45),  that  it  is  possessed 
very  generally  by  the  parenchymatous  cells  of  the  plant,  and 
that  it  plays  an  important  part  in  the  distribuuon  of  substances 
which,  though  soluble  in  water,  do  not  readily  diifiise.  Sachs 
has  observed,  for  instance^  that  if  pieces  (^—10  ctm.  long)  of 
the  young  haulms  of  various  Grasses  be  placed  with  one  cut 
end  in  damp  sand,  and  be  kept  in  a  moist  atmosphere,  drops 
of  water  will  exude  at  the  other  end.  Similar  observations 
have  been  made  by  Pitra.  The  excretion  of  liquid  in  these 
cases  is  doubtless  due  to  the  fact  that  the  parenchymatous 
cells  become  tensely  filled  with  water ;  a  considerable  hydro- 
static pressure  is  set  up  in  the  cells,  and  the  result  is  the 
escape  of  water  by  filtration,  probably  into  the  vessels.  This 
may  be  readily  observed  whenever  any  turgid  succulent  tissue 
is  cut  across ;  drops  of  water  are  formed  at  the  cut  surface* 
which  are  derived  partly  from  the  cells  which  have  been  cut 
open,  but  also,  probab]}%  from  uninjured  cells  which  lose 
water  by  filtration  in  consequence  of  the  alteration  of  the  con- 
ditions of  tension  in  the  tissue  which  has  been  induced  by 
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In  thfs  and  in  previous  lectures  allusion  has  been  frequently 

made  to  transpiration,  a  term  which,  as  \vc  have  Icanicd,  is 
apijlicd  to  the  exhalation  of  watery  vapour  by  plants.  In  the 
next  lecture  we  will  study  this  process  in  detaiL 

* 
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TRANSPIRATION. 

Under  ordinary  circumstances,  the  exhalation  of  watery 
vapour  is  alwa)  s  going  on  from  the  surface  of  alt  parts  of 

plants  which  arc  exposed  to  the  air.  Its  activit}'  is  not  the 
same  in  all,  for  the  structure  of  the  cell-walls  of  the  superficial 
cells  is  not  everywhere  the  same.  The  walls  of  the  r|>ider-  \ 
mal  cells  of  terrestrial  plants  for  instance,  are  more  or  less  • 
cuticuiarised,  and  the  amount  of  watery  vapour  which  can 
pass  through  them  varies  with  the  degree  of  their  cuticularisa- 
tion:  it  is  however  in  all  cases  smaller,  as  Ad.  Brongniart 
pointed  out,  than  that  which  passes  through  the  uncuticularised 
cell-walls  of  aquatic  plants  when  they  are  exposed  to  the  air. 
As  a  consequence,  the  latter  wither  much  more  rapidly  than 
the  former.  The  property  which  the  cuticle  is  thus  seen  to 
possess  of  offering  a  resistance  to  the  passage  through  it  of 
aqueous  vapour  is  due,  according  to  Garreau,  to  the  resinous 
and  waxy  substances  which  it  contains. 

The  structure  of  all  terrestrial  plants,  from  the  Mosses 
upwards,  is  such  that  direct  communication  is  established 
between  the  external  air  and  the  interior  of  the  plant  by 
means  of  stomata  and  lenticels.  We  have  already  seen  that 
these  openings  communicate  with  intercellular  spaces  which 
run  between  cells  with  uncuticularised  walls,  cells,  therefore, 
which  can  readily  exhale  aqueous  vapour.  It  is,  as  a  rule,  in 
the  leaves  that  the  greatest  area  of  uncuticularised  cell-wall 
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i:3  thus  brought  into  relation  with  the  air,  and  it  is  therefore 
from  them,  as  Hales  first  pointed  out,  that  the  greatest  loss 
of  water  takes  place.  Hence  we  may  speak  of  them  as  the 
transpiring  organs  of  the  plant.  The  following  account  of 
this  function  may  be  assumed,  unless  it  is  expressly  stated 
otherwise,  to  apply  to  them. 

The  first  point  which  we  will  consider  is  as  to  the  amount 
of  water  which  a  plant  may  lose  by  transpiration  in  a  given 
time.  This  has  been  determined  in  various  ways  :  by  weigh- 
ing the  plant  at  stated  intervals,  as  Hales  did,  or  by  col- 
lecting the  transpired  water,  as  was  done  by  Mariotte  and 
by  Guettard,  or  again  by  observing  the  amount  of  water  ab- 
sorbed by  the  plant,  a  method  which  is  due  to  Woodward. 
Of  these,  the  first  two  are  the  more  reliable,  the  third  being 
open  to  the  objection  that  the  activity  of  absorption  of  either 
the  root  of  a  plant  or  of  the  cut  surface  of  a  branch  is  not 
necessarily  a  measure  of  its  transpiration. 

The  following  are  some  of  Hales's  results,  obtained  by  the  method  of 
weighing :  * 

(fl)  Sunflower  {HiUamthus  animus). 

Maximum  loss  in  12  hours  (day)    30  ol 

Mean         „  „    2oos.B34Cttb:  in. 

Low  during  a  night    3  oz. 

Areaof  leaf  surface    56i6sq.  ia 

Mean  transpinition  per  sq.  in.  (day  of  13  hrs.)  j}^  cub.  in. 

(^)  Cabbage. 

Maximum  loss  in  is  hours  (day)    2$  oc 

Mean    >     „  „    19  01.35327  cub.  in. 

Area  of  leaf  surface    2736  sq.  xtu 

Mean  transpiration  per  sq.  in.  (day  of  12  hrs.)  ^  cub.  in. 


These  figures  suffice  to  shew  that  the  amount  of  aqueous 
vapour  which  is  exhaled  by  Llic  leaves  of  a  plant  is  very  con- 
siderable ;  but  it  is  less  than  that  which  would  evaporate  in 
the  same  time  from  an  equal  surface  of  water,  a  fact  which 
was  first  ascertained  by  Hales  and  has  since  been  more  accu- 
lately  determined  by  Unger  and  by  Sachs. 
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The  following  is  from  Sachs : 

A  branch  of  White  Poplar,  weighing  125*2  grnis.,  with  a  leaf-surface 
of  2700  sq.  centim.,  lost  480  c.c.  of  water  in  1 10  hours  ;  hcnrc  from  every 
square  centimetre  there  evaporated  a  column  of  water  of  1  "8  mm.  in 
height ;  from  each  square  centimetre  of  the  surface  of  the  water  in  an 
adjacent  vessel  there  evaporated,  in  the  same  time,  a  column  of  water 
5  mm.  in  height.  In  an  experiment  with  He&anthus  amutus  it  was  found 
that  the  loss  from  each  square  centimetre  of  leaf-snrfaoe  was  2*23  mm., 
and  from  nch  square  centimetre  of  water*surface,  5*3  mau  Sachs  points 
out  that  this  proportion  is  probably  too  large,  for  the  external  surface  of 
a  leaf  by  no  means  represents  the  whole  surface  from  which  transpiration 
is  taking  place  ;  the  intercellular  spaces  must  be  taken  into  account. 
He  assumes,  therefore  (and  this  is  probably  below  the  m&rk^  that  the 
transpiriDg  surface  of  the  leaves  in  these  experiments  may  be  taken  to  be 
ten  times  greater  than  their  external  surface.  The  proportion  between 
the  amount  of  water  evaporated  from  the  leaves  and  hom  the  vessel  will 
therefore  be  ^  in  the  case  of  the  Poplar,  and  ^  in  the  case  of  the  Sun- 
flower. 

The  explanation  of  this  fact  is  doubtless  this,  that  the 

living  cells  offer  a  considerable  resistance  to  the  evaporation 
of  the  water  which  saturates  them.  This  is  not  the  case  with 
a  dead  membrane;  on  the  contrary,  the  expcrimeuts  of  Sachs 
shew  that  water  evaporates  more  readily  from  a  membrane 
than  from  a  free  surface,  and  it  has  been  frequently  observed 
that  parts  of  plants  which  have  been  killed  diy  up  very 
rapidly. 

It  appears  that,  cateris  paribus,  the  transpiration  is  pro- 
portional to  the  surface  of  a  leaf,  though,  as  might  be  expected, 
the  activity  of  transpiration  is  very  different  in  the  leaves  of 
different  structure:  thin  herbaceous  leaves,  for  instance,  tran- 
spire much  more  freely  than  do  those  which  are  fleshy  or 
coriaceous.  Further,  it  was  pointed  out  by  Guettard,  and  his 
observations  have  been  confirmed  by  those  of  Bonnet,  Unger, 
and  Garreau,  that  transpiration  takes  place  more  actively 
from  the  lower  than  from  the  upper  surface  oC  the  same  leaf, 
a  fact  which  must  be  attributed  to  the  greater  number  of 
stomata  on  the  under  s 
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This  may  be  iHustratcd  by  some  of  Garreau's  lesults : 


Am  of 

Relative  number 

1 

1  Rdwdve 
1    ipnuility  of 
1  water  tninplnd 

Atropa  Belladonna 

1 

■ 

;  lower 

surf 
» 

10 

55 

<  -  —  — 

1  48 

1 

NicotUma  rwUca 

40 

UDDCr 

lower 

» 

I  c 
20 

1  57 
80 

Canna  ttthiopica 

40 

upper 
lower 

»> 
f» 

0 

25 

7 

CI 

>• 

Dahlia  (terminal  leaflet) 

40 

upper 
lower 

}) 

M 

22 

33 

50 
100 

Tilia  europata 

20 

upper 
lower 

M 

*> 

0 
60 

20 
49 

Hedem  HeUx 

20 

upper 
lower 

»» 

n 

0 
90 

0 
4 

Syringa  vulgaris 

30 

upper 
lower 

»t 
>» 

lOO 

150 

The  mode  in  which  Garreau  conducted  the  experiments  of  which 
these  are  the  results  has  been  recently  criticised  by  von  Hohnel. 
Garreau  detemiincd  the  amount  of  water  given  off  by  the  increase  of 
weight  of  some  chlunde  oi  cakiuiii  which  was  placed  in  a  receiver 
together  with  the  leaf.  Von  Hohnel  points  out  that  the  ciiloridc  of  calcium 
in  the  lower  half  of  the  receiver  is  under  more  favourable  conditions 
than  tliat  in  the  upper  half  for  absorbing  the  moisture  exhaled  by  the 
leaf.  In  an  experiment  made  in  this  manner  with  Cokus  B/umiif  he 
found  the  relative  transpiration  of  the  two  surfaces  to  be  i  :  8.  In  a 
second  experiment,  he  reversed  the  position  of  the  leaf  so  that  the  true 
lower  (dorsal)  surface  transpired  hito  the  upper  half  of  the  receiver : 
he  now  found  the  relative  amount  of  moisture  absorbed  by  the  chloride 
in  the  upper  to  be  to  that  absorbed  by  the  lower  as  t  :4'6.  It  appears 
therefore  that  the  differences  determined  by  Gaireau  are  too  great 

From  the  foregoing  table  it  appears  that  although  the 

surface  with  the  gp-eater  number  of  stomata  transpires  the 
more  freely,  yet  there  is  no  sort  of  proponion  between  the 
number  of  the  stomata  and  the  activity  of  the  transpiration. 
Von  Hohnel  has,  however,  repeated  Garreau's,  experiments 
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with  an  improved  form  of  apparatus  by  means  of  which  a 
more  cuni[)lete  and  a  more  equal  absorption  of  the  water 
transpired  by  the  two  surfaces  of  the  leaf  is  ensured,  and  he 
inclines  to  the  opinion  that  a  proportion  of  this  kind  may 
really  exist 

It  has  long  been  an  accepted  view  that  the  activity  of  the 
transpiration  of  a  leaf  varies  with  its  age,  but  it  is  to  von 

Hohnel  that  we  are  indebted  for  a  definite  account  of  this 
relation.  He  finds  that  the  youngest  leaves  are  those  which 
transpire  most  freely;  the  activity  of  transpiration  {gradually 
diminishes-as  the  leaf  grows,  but  it  subsequently  rises,  so  that 
a  second,  but  lower,  maximum  is  attained  when  the  leaf  is 
folly  developed;  it  then  steadily  diminishes.  The  explana- 
tion wbkik  he  gives  of  these  facts  is  that  in  the  very  young 
leaf  the  cuticle  is  but  feebly  developed  and  offers  but  little 
resistance  to  the  passag^e  through  it  of  aqueous  vapour;  fur- 
ther, there  are  no  stoniata:  the  loss  of  water  at  this  stage 
is  entirely  due  to  what  he  terms  "cuticular  transpiration." 
With  the  growth  of  the  leaf,  the  cuticle  becomes  thicker  and 
the  stomata  b^^in  to  be  formed,  the  former  process,  however, 
takii^  place  more  rapidly  than  the  latter,  so  that  die 
transpiration  is  on  the  whole  diminished.  As  the  stomata 
are  developed,  the  transpiration  increases  again  until  the 
secondary  maximum  is  reached :  this  secondary  maximum 
is  the  expression  of  the  "stomatal  transpiration"  of  the  leaf 

We  mTiy  now  proceed  to^  consider  the  mode  in  which  the 
stomata  atfect  transpiration.  It  has  long  been  known  that 
the guard-cellsare  capable  of  opening  and  closing  the  aper- 
tures of  the  stomata.  Sir  Joseph  Banks,  who  was  one  of  the 
first  to  notice  this  fact,  was  of  opinion  that  the  stomata  are 
ctosed  in  dry  and  open  in  wet  weather,  and  that  they  thus 
regulate  the  transpiration  of  the  plant  Moldenhawer  found, 
however,  that  the  stomata  are  closed  on-fainy  days  and  dewy 
nigfhts  and  are  open  when  the  sun  is  shin  in-  upon  tlie  leaves, 
and  his  observations  have  been  confirmed  by  those  of  Amici, 
von  Mohl^  and  linger.  The  mechanism  of  the  movements  of 
the  guaid-cdls  was  thoroughly  investigated  by  yon  Mohl 
He  shewed  that  the  opening  of  the  stomata  depends  in  the 
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first  instance  upon  the  turgid ity  of  the  guard-cells.  When 
they  are  absorbing  water,  the  only  way  in  which  they  can 

yield  to  the  hydrostatic  pressure  set  up  within  them  is,  inas- 
much as  they  are  firmly  connected  at  their  ends,  by  becoming 
curved,  and  this  necessarily  produces  a  space  between  them, 
corresponding  to  that  part  of  their  adjacent  surfaces  along 
which  they  are  not  coherent.  When  the  guard-cells  are  not 
turgid  they  are  straight,  their  adjacent  walls  are  in  contact, 
and  the  opening  of  the  stoma  is  obliterated,  concludes 
that  the  influence  of  light  _u£on  the  guard-cells  is  of  such  a 
nature  as  to  increase  their  power  of  absorbing  water,  pro- 
bably by  causing  the  formatiun  within  them  of  osmotically 
active  substances  1  in  connexion  with  this  it  should  be  men- 
tioned that  the  guard-cells  always  contain  chlorophyll-cor- 
puscles. Possibly,  however,  the  effect  is  to^be  attributed 
rather  to  an  incre^ed  resistance^to  evaporation  than  "to  an 
increased_power  of  absorption.  However  this  may  be,  we 
can  account,  to  some  ext^  at  least,  forlthe  great  difference 
between  the  diurnal  and  the  nocturnal  transph^tion  of  a 
plant^by  the  fact  that  its  stoinala  are  open  during  the  day 
and  are  closed  durin^^  the  nipfht  :  t^eir  function  is  not  to 
check  but  to  promote  tran^j  iration.  \ 

These  considerations  naturally  lead  us  on  to  enquire  into 
the  relations  existing  between  transpiration  and  the  external 
conditions  of  the  plant  generally.  The  hygroscopic  condition 
and  the  temperature  of  the  air  may  be  first  considered.  A 
plant  in  an  atmosphere  saturated  with  moisture  will  not 
exhale  any  watery  vapour,  provided  that  the  temperature  of 
the  plant  is  not  hij^her  than  that  of  the  air.  It  may  happen 
that,  in  consequence  of  great  metabolic  activity,  the  tempera- 
ture of  the  plant-  is  raised  above  that  of  the  air,  and  then 
transpiration  will  take  place,  although  the  air  is  at  its  point 
of  saturation.  Under  oidinary  circumstances,  when  the  tempe- 
rature of  the  plant  and  that  of  the  air  do  not^perceptibly 
differ,  the  activity  of  transpiration  diminishes  with  Increasing 
moisture  of  the  air;  but  m  h,en  the  temperatureof  thg..Aii^48- 
hiL^h  and  the  proportion  of  rnoisture  in  it  small,  transpiration  is 
promotcdr~Purther,  tianspiration  Is  aflected1ior6nly  by  the 
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temperature  of  the  air  which  surrounds  the  transpiring  organs, 
but  also  by  the  temperature  of  the  mctlium  in  which  the 
absorbent  organs  arc  situated.  Sachs  observed  that  when  the 
soil  around  the  roots  of  a  pLant  is  yarmcd,  the  transpiration 
of  the  plant  becomes  more  active.  We  have  learnt  in  a 
previous  lecture  (p.  52)  that  a  slow  rise  in  the  temperature  of 
the  soil  causes  an  Increased  absorption  of  water  by  the  roots: 
we  may  therefore  conclude  that  the  more  active  transpiration 
which  is  induced  by  a  rise  in  the  temperature  of  the  soil  is 
connected  with  tiie  increased  absorbent  activity  of  the  roots. 

From  the  observations  of  Bui]gerstein  on  Tax$u  dacaUa  it  appears 
that  transpiration  may  take  place  to  a  slight  extent  even  at  a  tempera- 
tiiie  of  - 107  C 

It  has  been  found  by  a  great  number  of  observers  that 
transpiration  is  more  active  in  the  light  than  in  darkness. 
This  b  doubtless  to  be  accounted  for,  to  a  certain  extent  at 
any  rate,  by  the  fact  that,  as  we  have  seen,  the  stomata  are 

open  in  the  light  and  closed  in  the  dark,  and  further,  that 

exposure  to  light  ubuaiiy  involves  a  rise  of  temperatur^,^ 

Wiesner  has  endeavoured  to  shew  by  a  scries  of  experiments,  con- 
ducted in  such  a  way  that  the  tempaaUire  and  the  degree  of  saturation  of 
the  were  maintained  as  nearly  as  possible  constant,  that  light  affects 
transpiration  independently  of  the  stomata.  Transpiration  is  very  much 
increased  by  expostire  of  the  plant  to  light,  and  the  rays  which  are 
especially  active  appear  to  be  those  which  correspond  to  the  absorption- 
bands  of  the  chlorophyll-spectrum  (see  plate). 

The  following  are  some  of  Wiesner's  figures : 

Light  (Gas)  D»rkne»s 

Harfwe^a  comasa 

gave  off  during  ist  homr      59  mgr.  water  31  mgr. 

M  2nd  „        4B     M  30  » 

n  „  44       f)  39  „ 

„         4th  „        42      „  29  „ 

In  both  cases  the  loss  of  water  remained  constant  to  the  end  of  the 
experiment 

The  following  table  gives  Wiesner's  results  for  n  number  of  the  plants, 
calculated  per  hour  for  100  sq.  centim.  of  ieaf-surlace. 
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Water  transpired 

In  darkness 

In  diffused  daylight 

In  sunlight 

Sparfium  junceum 
Lilium  croceum 
Maiva  arbmrea 
Zea  Mais  (etiolated) 
»♦  (green) 

64  mgr. 

23  l» 
106  „ 

97  ,* 

69  mgr. 
59  » 

114  If 

174  mgr. 

114  » 

70  „ 

290  1. 
7«5  t» 

In  order  to  meet  the  objection  that  the  increased  transpiration  under 
the  influence  of  light  in  these  experiments  is  to  be  attributed  to  tlie 
opening  of  the  stomata,  Wiesncr  states  that  in  the  case  of  the  Maize  the 
stoniata  were  nearly  closed  whilst  the  plant  was  exposed  to  light,  and 
that  in  Harhvegia  comosa  the  stomata  were  wide  open  whilst  the  plant 
was  in  darkness.  He  refers  the  more  evident  action  of  li^lii  in  the 
green  Maize-plant,  as  compared  with  the  etiolated  one,  to  the  fact  that 
the  rays  of  light  absorbed  by  the  chlorophyll  of  the  green  plant  are 
converted  into  heat,  a  conversion  which  Is  not  effected  to  the  same  extent 
by  the  etiolin  of  the  etiolated  plant 

In  addition  to  the  external  influences  already  noticed,  it 

has  been  found  that  transpiration  is  considerably  affected  by 
the  nature  of  the  h'quids  which  are  absorbed  by  the  roots. 
S^ncbier  seems  to  have  been  the  first  to  notice  this,  and  he 
endeavoured  to  investigate  it  by  comparing  the  transpiration 
of  a  number  of  branches  with  their  cut  surfaces  in  different 
solutions.  The  Investigation  was  subsequently  resumed  by 
Sachs«  and  still  more  recently  by  Burgerstein.  Sachs  found 
that  a  Tobacco-plant  growing  in  coarse  sand  transpired  less 
actively  than  one  growing  in  clay.  In  a  series  of  water- 
cultures,  he  found  that  when  the  roots  of  the  plants  {Cncurbita) 
were  in  acidified  water  the  transpiration  was  much  greater, 
whereas  when  they  were  in  alkaline  water  the  transpiration 
was  considerably  less,  than  when  they  were  in  distilled  water. 
He  also  watered  plants  growing  in  pots  (Gourds,  Beans, 
Tobacco)  with  i  percent  solutions  of  potassium  nitrate,  ammo* 
nium  sulphate,  and  other  salts,  and  found  that  the  presence  of 
the  salt  diminished  the  transpiration.  Burgerstein's  results 
agree  in  the  main  with  those  of  Sachs',  as  the  following 
figures  will  shew;  but  he  finds  that  some  salts  tend  to  in- 
crease the  transpiration. 
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t.  Aeidwtier, 

{a)  With  nitric  acid : 
A  Make-plant      )  DistUUd  water    Acid  (o  1 5  p.  ct.)    A dd  (0-3  p.  ct.) 

with  Its  roots  U      i  V     J  r      /  N   -  r 


137*10 


Wiih  carbonic  acid  : 
A  Scarlet  Runner  with  its  roots  in        DistilUd  uuiUr      .-Liid  i^  at^r 
lost  in  95j|  hours,  p.  ct.  of  its  weight,  138-22  165  45 

z.    Alkaliiu  water. 

{a)  With  caustic  potash : 

A  M^plant      \  Di^iUedwttier   Aik.  (o^w    CL)    Aik.  {€fi  p.  ct) 

with  its  roots  m  J 

T<t^TZ^}  ^ 

(d)  With  ammonia : 
A  Maize-plant  with  its  roots  in      Distilled  ivaicr      Alkaline  (0-2  p.  ct.) 
lost  in  43  hours,  p.  ct.  of  its  weight,       83*25  64*08 

Tlie  fisOowing  figures  give  a  general  idea  of  the  results  obtained  with 
icgatd  to  salts.  The  plant  used  was  the  MaiM^  and  the  quantities,  as  in 
the  pracoding  table,  leptesent  percentages  of  the  jiving  weight  of  the 
plaiit* 

DisHlUd  Mixed stdttoim.     KNOt  NH«NO, 
Roots  m  •  •  1 

wUr         o-i  p.  ct        0*1  p.  ct    ai  p.  ct 

Loss  dae  to  transpi-l     ^  _  o   

The  general  conclusion  to  which  he  comes  is  that  transpiration  in- 
creases with  the  concentration  of  the  solution  of  the  salt  up  to  a  certain 
point,  a  point  which  is  reached  earlier  in  the  case  of  alkaline  salts  and 
lafer  in  the  case  of  add  salts  than  it  is  in  the  case  of  neutral  salts. 
Bcfoad  this  point  transpiration  dimmishes  until  it  beoomes  equal  to  that 
wlikii  exists  when  the  roots  of  the  plant  are  in  distilled  water,  and  the 
transphratien  iurtfaer  dimmtshes  with  greater  concentration.  A  dihtte 
soliition  of  a  mixture  of  salts  causes  diminution  of  transpiration,  whilst  a 
solntiott  of  the  same  strength  of  a  single  salt  increases  it 

Vesque  has  recently  re-investigated  this  subject,  and  he 
comes  to  the  conclusion  that  the  phenomenon  in  question  is 
one  of  absorption.   He  finds  that  when  the  plants  have  been 
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deprived  for  some  time  of  a  supply  of  salts  and  are  then  placed 
in  a  saline  solution,  they  absorb  it  more  rapidly  than  they  do 
distilled  water ;  and  conversely,  when  they  have  been  supplied 

with  salts,  they  absorb  distilled  water  more  rapidly  than  a 
saline  solution.  The  increased  or  diminished  absorption  of 
water  broiit^ht  about  in  this  way  naturally  affects  the  amount 
of  water  transpired. 

The  activity  of  transpiration  is  further  affected  by  mechanic* 
cal  disturbances.  It  is  a  matter  of  common  observation  that 
leaves  soon  become  flaccid  when  they  are  agitated  by  a  strong 
wind.  The  increased  loss  of  water  which  the  (laccidity  indi- 
cates  may  be  attributed  to  some  extent  to  the  constant  renewal 
of  the  air  in  contact  with  the  surface  ui  the  leaves,  but  this  is 
not  the  only  effect  of  the  wind.  Baranetzky  has  iV  und  that 
disturbances  of  short  duration  suffice  to  induce  flaccidity,  and 
the  leaves  rapidly  return  to  their  normal  condition  when  left 
at  rest  If  the  shaking  be  repeated  at  short  intervals,  the  loss 
of  water  gradually  diminishes  with  each  repetition,  until  finally 
no  further  eflect  is  produced. 

Baranetzky  considers  that  the  increase  of  transpiration  is 
a  consequence  of  the  rapid  expulsion  of  saturated  air  through 
the  stomata  at  the  time  of  shaking,  and  that  the  subsequent 
diminution  is  due  to  the  flaccid  condition  of  the  guard-ceils  of 
the  stomata  which  are  partially  closed.  These  conditions 
doubtiess  contribute  to  produce  the  effects,  but  they  do  not 
appear  to  afford  a  complete  explanation.  It  is  difficult  to 
imagine  that  the  loss  of  water  during  the  time  of  shaking  is 
so  great  as  to  induce  flaccidity  of  all  the  mesophyll-cells  of 
the  leaf.  It  seems  more  reasonable  to  suppose  that  the 
shaking  acts  as  a  mechanical  stimulus  on  the  protoplasm  of 
these  cells  in  such  a  way  as  to  facilitate  the  escape  of  water 
from  them,  and  that  the  water  thus  set  free  is  in  part  rapidly 
transpired  and  in  part  reabsorbed  by  the  cells  when  the  leaf 
is  again  at  rest  From  this  point  of  view  the  flaccidity  is  the 
result,  not  of  increased  transpiration,  but  of  the  shaking,  and 
the  increased  transpiration  is  due  to  the  momentary  presence 
of  free  water  outside  the  primordial  utricles  of  the  mesophyll- 
cells,  a  condition  which  is  very  favourable  to  the  process. 
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The  foliowing  figures  refer  to  Baranetzky  s  experiments  with  a  leafy 
ftem  of  Inula  HeUnium  cut  off  and  placed  in  water : 
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The  ibUowuig  table  refeis  to  esperiments  made  with  a  bnndi  of 
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We  have  now  considered  in  detail  the  influence  of 
external  conditions  upon  the  process  of  transpiration,  and  we 
may  proceed  to  enquire  if  there  is  an  independent  periodicity 

of  transpiration  a.s  there  i.s  of  root- pressure.  It  i.s  probable 
i  priori  that  such  is  the  case,  for  as  we  have  already  seen,  the 
root-pressure  exhibits  a  periodicity,  and,  as  we  shall  see  here- 
after, the  tension  of  the  tissues  exhibits  it  also :  but,  when 
it  is  borne  in  mind  how  many  are  the  external  influences 
which  affect  this  process  and  how  readily  it  responds  to 
their  action,  it  will  be  seen  that  the  difficulties  in  the  way 
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of  definitely  ebserving  the  periodicity  are  very  great  linger 
was  the  first  to  Aaaert  its  existence,  he  found  a  maximum 

between  12  and  2  p.m.,  and  a  minimum  at  night,  but  inas- 
much as  his  experiments  were  made  with  plants  in  the  open 
air,  his  results  cannot  be  rc<;arded  as  at  all  conclusiv'e. 

Sachs  also  made  experiments  with  a  view  of  settling  this 
point,  but  he  failed  to  obtain  any  results  which  he  could 
r^ard  as  satisfactoiy.  Baranetzky  kept  plants  in  darkness 
for  24  hours  with  the  other  external  conditions  as  constant  as 
possible:  he  found  that  during  the  hours  of  the  night  the  loss 
of  water  was  much  greater  than  during  the  hours  of  the  day, 
but  he  could  not  detect  any  pciiudical  variation.  He  came  to 
the  conclusion  that  there  is  no  independent  periodicity  of 
transpiration. 

The  following  table  illustrates  Baranetzky's  eiqperiments  made  on  a 
plant  of  Cucuibita  in  a  pot 
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We  have  now  to  consider  the  physiological  significance  of 
transpiration  in  the  economy.  As  might  be  anticipated,  ita 
significance  Is  great  and  its  effects  far-reaching.  Hales 
recognised  this  when  he  said,  the  motion  of  the  sap  is  there- 
by much  accelerated,  which  in  the  heartless  vegetable  would 
otherwise  be  very  slow  ;  it  having  probably  only  a  progressive 
and  not  a  circulating  motion,  as  in  animals."  Thus,  it  aftccts 
the  absorption  of  water  by  the  root,  and  in  so  doing  il  probably 
prqniotes  the  absorption  of  salts  in  solution  ;  further,  there  is 
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some  ground  for  tiie  belief  that  it  plays  an  important  part  in 

the  distribution  of  these  salts  throuj^hout  the  plant ;  and 
again,  we  know  from  the  observations  of  Hales  and  von 
Hohncl  that  the  ceases  in  the  vessels  of  an  actively  trati^piring 
plant  axe  at  a  lower  pressure  than  the  air,  a  condition  which 
materially  affects  the  movements  of  gases  and  of  water  in 
plants.  Tiiese  points  we  will  now  discuss  in  detail,  but  before 
doing  so  we  must  not  omit  to  notice  one  very  important 
influence  which  transpiration  exerts,  the  full  consideration  of 
wfaidi  will  come  in  a  subsequent  lecture.  Inasmuch  as  toss 
of  water  by  a  plant  affects  the  turgidity  of  its  cells,  and  since 
turgid ity  is  a  necessary  condition  of  growth,  it  is  clear  that 
the  transpiration  of  a  plant  and  its  growth  must  stand  in 
some  more  or  less  direct  relation  to  each  other. 

We  have  already  learned  that  transpiration  promotes 
absorption  of  water  by  the  roots^  although  these  two  functions 
are  not  proportional.  It  oflen  happens  that  the  loss  of  water 
by  transpiration  is  so  great  that  it  cannot  be  met  by  the 
absorbent  activity  of  the  roots  :  in  fact  it  appears  to  be  the 
rule  that,  under  ordinary  conditions,  the  amount  of  water 
absorbed  by  the  roots  in  a  given  time  is  less  than  that  v.  liich 
is  transpired  by  the  leaves.  Thus  Sachs  and  de  Vries  found 
that  the  root-stock  of  a  Sunflower  exuded  at  its  cut  surface 
much  less  water  (2'i  c.c.)  than  was  transpired  by  the  upper 
leaf-bearing  part  of  the  stem  (9  5  c.c.)  in  the  same  time^ 
Transpiration  must  therefore  draw  upon  the  reserves  of  water 
which  tiic  plant  contains.  When  these  are  becoming  exhausted, 
the  leaves,  and  if  the  plant  is  a  herbaceous  one  the  stem  also, 
begin  to  droop,  for  the  parenchymatous  cells  have  lost  their 
tui^idity  and  have  become  flaccid :  they  may  be  restored  to 
their  normal  condition  by  arresting  the  transpiration,  or,  in 
the  case  of  a  cut-off  branch,  by  forcing  water  under  pressure 
into  the  cut  surface.  If  the  transpiration  of  a  plant  be 
prevented,  the  absorption  of  water  by  the  roots  gradually 
diiiuiiishes,  and  finally  ceases  when  the  plant  has  taken  up  as 
much  water  as  it  can  contain, 

It  is  therefore  clear  that  transpiration  has  a  direct  influence 
opcm  the  absorption  of  water.   This  naturally  suggests  the 
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enquiry  as  to  whether  or  not  tiie  absorbent  activity  of  the 

roots,  or  in  other  words,  the  amount  of  water  in  a  plant,  affects 
its  transpiration.  It  appears  that  this  is  not  the  case.  Von 
Hohne!  has  shewn  the  transpiration  of  thr  lenvcs  is  not  affected 
by  variations  in  the  quantity  of  water  which  they  contain. 
Still  it  cannot  be  doubted  that  if  the  cells  of  the  leaves  have 
lost  a  lai^e  proportion  of  their  water  in  consequence  of  active 
transpiration  and  of  inadequate  supply^  the  water  remaining  in 
their  walls  and  in  their  protoplasm  is  retained  with  consider- 
able force,  and  that  consequently  a  great  resistance  will  be 

oiiei'cd  to  lU  evaporation. 

Now  as  to  the  effect  of  transpiration  upon  the  absorption 
of  dissolved  salts  by  the  roots.  It  was  pointed  out,  when  we 
were  considering  the  function  of  absorption,  that  only  very 
dilute  solutions  of  salts  can  be  taken  up  by  the  roots ;  as  a 
consequence  it  is  necessary  that  relatively  large  quantities 
of  water  should  be  absorbed  in  order  that  the  plant  may 
be  supplied  with  the  salts  which  are  of  importance  in  its 
nutrition.  The  active  absorption  which  is  hereby  involved  is 
pionioLcd  by  transpiration,  and  it  is  by  transpii  alion  also  that 
the  excess  of  water  is  got  rid  of  This  is  the  course  of  reason- 
ing by  which  many  authors  (most  recently  Wiesner)  have 
come  to  attribute  to  the  function  of  transpiration  an  important 
physiological  significance  with  regard  to  the  nutrition  of 
plants.  The  only  direct  evidence  bearing  upon  the  subject  is 
afforded  by  Schldsuig's  observation  that  a  Tobacco-plant  grown 
under  a  bell-jar  yielded  a  smaller  proportion  of  ash  than  a 
similar  plant  grown  under  ordinary  conditions,  the  proportion 
of  silica  in  the  ash  being  especially  small.  This  evidence 
cannot,  however,  be  regarded  as  conclusive,  inasmuch  as  the 
conditions  were  such  as  to  affect  many  of  the  functions  of  the 
plant:  and  further,  we  know  that  many  plants  thrive  best  in 
an  atmosphere  which  is  nearly  if  not  quite  saturated  with 
moisture.  Still»  there  is  reason  to  beUeve  that  transpiration 
is  of  some  importance  in  ensuring  an  adequate  absorption  of 
salts  by  most  plants. 

With  regard  to  the  distribution  by  the  transpiration -current 
of  substances  absorbed  by  the  roots,  there  is  a  considerable 
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mass  of  evidence  to  shew  that  this  actually  takes  place.  Thus 
the  very  numerous  experiments  which  have  been  made  upon 
the  eflfect  of  removing  a  ring  of  cortex  from  stems  and 
branches,  although  the  results  are  somewhat  discordant,  tend 
to  shew  that  the  parts  above  the  wound  receive  sufficient 
supplies  of  the  salts  absorbed  by  the  root,  and  these  supplies 
must  necessarily  be  conveyed  to  them  by  the  fibro-vascular 
tissue.  Again,  the  fact  that  when  coloured  solutions  are 
supplied  to  the  root  they  stain  the  fibro-vascular  tissue, 
support  this  conclusion,  and  it  receives  further  cotifnination 
from  Sachs'  lithium-experiments,  to  which  allusion  was  made 
in  the  last  lecture. 

We  have  Anally  to  discuss  the  eftect  of  transpiration  in 
producing  a  n^^tive  pressure  of  the  gases  in  the  vessels 
of  the  plant,  and  the  influence  of  this  condition  upon  the 
movements  of  fluids  in  the  plant. 

The  first  indication  of  the  fact  that,  in  a  transpiring  plant, 
the  erases  in  the  vessels  are  at  a  lower  pressure  than  that  of 
the  atmosphere  is  to  be  luund  in  the  experiments  made  by 
Hales  "whereby  to  find  out  the  f  orce  with  which  trees  imbibe 
moisture."  He  found  that,  in  a  tube  connected  with  a  cut-off 
branch,  "the  mercury  rose  highest  when  the  sun  was  very 
clear  and  warm ;  and  towards  evening  it  would  subside  3  or  4 
inches,  and  rise  again  the  next  day  as  it  grew  warm."  Further 
indications  of  the  same  kind  are  given  in  the  experiments  of 
Meyen,  Sachs  and  others,  but  it  was  von  Hohnel  who  gave 
the  definitive  proof.  He  found  that  if  the  stem  of  a  transpiring 
plant  be  cut  through  under  mercury,  the  mercury  will  at  once 
rise  to  a  heif^ht  of  several  centimetres  in  the  vessels,  the  greatest 
height  being  reached  in  the  youngest  vessels.  This  sudden 
rise  of  the  mercury  can  only  be  accounted  for  by  ascribing  it 
to  the  difierence  between  the  atmospheric  pressure  and  that 
of  the  gases  in  the  vessels.  It  also  teaches  the  important  fact 
that  the  cavities  of  the  vesseb  of  the  wood  of  a  plant  are  not 
in  direct  communication  with  the  external  air,  but  that  they 
form  a  completely  closed  system. 

An  explanation  of  how  this  difference  of  pressure  is  brought 
about  will  perhaps  be  best  given  by  reference  to  one  particular 
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case.  In  a  previous  lecture  we  learned  that  in  certain  plants, 
such  as  AlcJuimilla  vul^i^aris  for  example,  drops  of  water  are  to 
be  found  in  the  early  morninc^  on  the  leaves,  and  tliat  these 
drops  have  been  exuded  by  the  action  of  the  root-pressure. 
During  the  night  the  roots  have  been  absorbing  water  actively, 
so  actively  in  fact  that  the  tissues  have  become  goiged,  the 
vessels  more  or  less  filled,  and  drops  of  water  have  been 
forced  out  at  the  margins  of  the  leaves.  When  the  sun  shines 
upon  the  plant  during  the  day,  it  transpires  actively  and  the 
leaves  soon  begin  to  draw  upon  the  water  winch  is  contained 
in  the  cavities  of  the  vessels.  As  the  water  is  withdrawn  from 
these,  a  partial  vacuum  is  pnnluced  :  tlu:  gases  which  are 
already  present  in  them,  and  those  which  pass  into  them  by 
diffusion,  expand,  and  are  at  a  very  much  lower  pressure  than 
that  of  the  atmosphere.  If  now  the  stem  of  the  plant  is  cut 
through  under  mercury,  the  mercury  must  necessarily  rise  into 
the  cavities  of  the  vessels  until  the  gases  which  they  contain  are 
at  a  pressure  approximately  ecpial  to  that  of  the  atmosphere. 
Exactly  this  process  goes  on  also  in  trees,  but  on  an  extended 
scale.  In  the  spring  the  vessels  of  trees  are  just  in  the  con- 
dition in  which  those  oi  Alchanilla  are  in  the  early  morning: 
they  contain  water  and  bubbles  of  gases.  When  transpiration 
commences  after  the  leaves  have  unfolded,  the  water  is 
gradually  withdrawn  from  the  vessels,  and,  as  the  summer 
advances,  the  gases  in  the  vessels  become  more  and  more 
rarefied,  as  do  those  in  the  vessels  of  Alcftemilla  A\xr\x\^^'^ 
day.  It  is  not  until  the  fall  of  the  leaves  that  the  cavities  of 
the  vessels  begin  to  contain  water,  and  that  the  gases  axe 
reduced  to  their  normal  volume. 

The  effect  of  the  existence  of  this  diminished,  or  negative^ 
pressure  in  the  vessels  iinds  its  expression  In  various  ways. 
In  the  first  place,  it  must  facilitate  the  filtration  of  water  from 
the  innermost  parenchymatous  cells  of  the  root  into  the  wood. 
That  this  is  the  case  is  shewn  by  the  experiments  of  Vesquc, 
to  which  reference  was  made  in  a  previous  lecture  {p.  52).  He 
found  that  a  sudden  rise  in  the  temperature  of  the  air  checked 
the  absorption  of  water  by  the  roots.  The  interpretation  of  this 
fact  is  that  the  sudden  rise  of  temperature  causes  an  expan* 


Digitized  by  Google 


TRANSPIRATION. 


119 


sion  of  the  ^ascs  in  the  wood-vessels  of  the  plant,  and  that 
consequently  an  increased  resistance  is  offered  to  the  filtra- 
tion of  water  into  the  wood  of  the  root.  Further,  this  negative 
pressure  must  also  promote  the  circulation  of  gases  in  the 
plant.  Von  Hdhnel  found  that,  as  might  be  expected,  gases 
readily  difluse  from  the  surrounding  tissues  into  the  vessels 
when  the  pressure  is  low,  the  gases  given  off  by  any  one  part 
of  the  plant  being  thus  brought  into  a  closed  system  of 
channels  wliich  directly  communicates  with  other  parts;  and 
that  conversely  when  there  is  a  considerable  root- pressure, 
the  gases  in  the  vessels  arc  forced  out  of  them  and  pass  by 
diffusion  into  the  neighbouring  cells.  In  the  vessels  them- 
selves currents  are  set  up  which  are  due  partly  to  the  difference 
of  the  composition  of  the  mixture  of  gases  in  various  parts  of 
the  system,  and  partly  to  differences  of  temperature. 

The  principal  channels,  however,  in  which  gases  circulate 
in  the  tissues  of  plants  are  the  intercellular  spaces.  That 
these  form  a  continuous  system  throughout  the  plant  com- 
municating with  the  external  air  through  the  stomat.i  and  the 
lenticels  is  shewn,  not  only  by  microscopical  observation,  but 
also  by  experiments  of  the  kind  mentioned  in  the  fifth 
lecture  (p.  71)  in  which  air  is  forced  through  leaves,  branches, 
etc  In  these,  as  in  the  vessels,  there  are  diffusion-currents, 
and  currents  due  to  variations  of  temperature  and  probably 
also  to  the  swaying  movements  of  the  leaves  and  branches. 

In  submerged  plants,  which  do  not  transpire  and  which 
have  rudimentary  fibro-vascular  bundles,  the  intercellular 
spaces  are  the  only  channels  in  which  gases  circulate.  They 
are  usually  very  large  and  are  termed  air-chambers.  It 
frequently  happens  that  gases  (more  particularly  oxygen) 
collect  in  these  chambers  until  the  pressure  becomes  so  great 
that  the  surrounding  tissues  are  ruptured,  and  the  gases 
escape  in  the  form  of  bubbles. 

The  mixture  of  gases  contained  in  the  tissues  of  plants 
has  been  analysed  in  several  cases,  and,  inasmuch  as  the 
relative  pro])ortions  of  the  gases  must  vary  considerably  in 
correspondence  with  the  varjnng  metabolic  processes,  the 
results  of  the  analyses  differ  widely.  The  gases  found  to 
be  present  are  oxygen,  nitrogen,  and  carbon  dioxide.  The 
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general  results  are  that  when  the  proportion  of  oxygen  present 
is  lare^e,  that  of  carbon  dioxide  is  small,  and  vic^  versa,  the 
proportion  of  carbon  dioxide  being  smallest  in  the  winter. 
In  most  cases  the  proportion  of  nitrogen  present  was  approxi- 
mately that  in  which  it  occurs  in  atmospheric  air,  though  in 
some  instances  it  appeared  that  it  was  the  only  gas  present; 
but  these  observations  require  confirmation. 

We  have  now  concluded  the  consideration  of  the  absorp- 
tion and  distribution  of  the  various  substances  which  are 
absorbed  by  plants,  and  we  will  proceed,  in  the  next  lecture, 
to  study  their  rclaiion  to  the  metabolic  processes. 
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THE  FOOD  OF  PLANTS. 

If  a  plant  be  dried  at  a  high  temperature,  the  analysis  of 
the  residue  will  afford,  as  pointed  out  in  a  previous  lecture 
(p.  60),  an  adequate  account  of  the  substances  absorbed  by 

the  plant  during  its  life.  The  first  step  in  the  analysis  would 
be  to  incinerate  the  residue,  and  it  would  be  found  at  the 
close  of  this  process  that  it  had  lost  considerably  in  weight,  a 
proof  that  a  portion  of  the  dry  solid  of  the  plant  had  been 
burnt  up  and  given  off  in  the  form  of  gas.  If  this  gas  were 
collected  and  analysed  it  would  be  found  to  consist  princi- 
pally of  carbon  dioxide,  watery  vapour,  and  nitrogen,  the  infer- 
ence being  that  the  combustible  portion  of  the  plant  contained 
the  elements  Carbon,  Hydrogen,  and  Nitrogen.  The  incom- 
bustible portion,  the  ash,  would  be  found  to  be  of  a  mineral 
nature,  containing  a  number  of  elements  of  which  the  principal 
would  be  Sulphur,  Phosphorus,  Potassium,  Calcium,  Magne- 
sium, Iron,  Sodium,  Chlorine,  and  Silicon. 

Of  these  elements,  the  Carbon,  Hydrogen,  Nitrogen, 
Sulphur,  and  Phosphorus,  are  derived  more  especially  from 
the  organised  parts  of  the  plant,  such  as  the  protoplasm  and 
the  cell-wall,  and  from  carbonaceous  substances,  such  as  sugar, 
fats,  acids,  etc.,  which  had  been  formed  by  the  metabolic 
activity  of  the  protoplasm.  These  elements,  together  with 
Oxygen,  the  presence  of  which  cannot  be  directly  ascertained 
by  analysis,  are  in  consequence  frequently,  but  somewhat 
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inaccurately,  termed  the  organic  constituents  of  plants,  the 
other  elements  being  the  inorganic  constituents. 


In  iQustiation  of  tbe  ultimate  chemical  composition  of  various  parts  of 
plants  the  following  analyses,  taken  from  Johnson,  may  be  given. 


Wheat 

Wheat 

Potato 

Pea* 

Clover 

Gtaia 

Stomw 

Tttban 

Gnia 

Carbon 

46*1 

4S-4 

44'o 

46-5 

47*4 

Hydrogen 

5-8 

5*3 

5-8 

6-2 

5*0 

Oxygen 

434 

447 

40*0 

378 

Nitrogen 

23 

0-4 

1*5 

42 

2*1 

Ash,  including  | 
Sulphur  and  Phosphorus  i 

2'4 

4X) 

77 

lOO'O 

lOO'O 

1000 

lOO'O 

ioox> 

An  enumeration  of  the  constituent  elements  of  a  plant  is, 
then,  an  enumeration  of  the  substances  which  it  absorbed 
during  its  life.  But  soine  only  of  these  substances  can  be  ' 
regarded  as  constituents  of  its  food^  if  by  "food"  we  mean 
those  substances  absorbed  by  the  plant  which  go  to  build  up 
its  organic  substances,  which  supply  it  with  enei|y,  or  which 
exert  some  beneficial  influence  upon  its  metabolic  processes; 
for  a  plant,  like  an  animal,  takes  up  not  only  such  substances 
as  these,  but  others  as  well  which  are  of  no  nutrithrc  value,  or 
are  even  injurious.  That  this  is  the  case  has  been  already 
shewn  in  the  fourth  lecture  (p.  65)  in  treating  of  the  absorption 
by  the  roots.  Any  substance  present  in  the  soil  is  taken  up  by 
the  roots,  provided  that  the  physical  conditions  of  absorption 
are  fulfilled,  quite  independently  of  its  beneficial  or  injurious 
action  upon  the  plant;  and  this  holds  good  also  with  refers 
ence  to  the  absorption  of  gases  by  the  leaves. 

An  importnnt  illustration  of  this  point  is  afforded  by  Phillip's  recent 
observations  upon  the  absorption  of  metallic  oxides  by  the  roots  of  plants. 
He  has  found  that  healthy  plants,  grown  under  favourable  conditions, 
may  absorb  small  quantities  of  lead,  zinc,  copper,  and  arsenic.  The  lead 
and  the  zinc  appear  to  be  deposited  in  the  tissues  without  causing  any 
disturbance  of  the  functions  of  the  plant,  but  when  copper  and  arsenic 
—  are  present  in  rather  large  quantity  in  the  soil  they  exert  a  distinctly 
poisonous  iniluence. 

We  will  now  proceed  to  enquire  which  are  the  chemical 
elements  which  serve  as  food  to  plants.  It  was  pointed  out 
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in  Lecture  V.  (p.  75)  that  0X3rgen  is  absorbed  in  considerable 
quantity  by  all  plants^  and  that  carbon  dioxide  is  absorbed 
by  green  plants.  It  has  been  found  that  these  gases  are 
essential  to  the  life  of  the  plants  in  question,  and  we  may 

therefore  conclude  that  carbon  and  oxygen  are  important 
constituents  of  their  food.  Furtlier,  water  is  essential  ii>  the 
nutrition  of  plants  ;  hence  hydrog^en  must  be  rcjjarded  as  a 
constituent  of  the  food.  With  regard  to  the  salts  absorbed 
by  plants,  the  determination  of  their  essential  or  non-essential 
character  has  been  effected  by  the  method  of  w<Uir<uiiur€ 
(fig.  21)  to  which  allusion  was  made  in  a  previous  lecture 
(p.  60). 

■ 

The  followiiig  may  be  taken  as  an  example  of  a  solutioii  for  water- 
cnltures. 

Distilled  water,         looo  grammes. 

Potassium  nitrate,       1*0  ^ 
Calcium  suli)h:ite,      0*5  „ 
Magnesium  sulphate,  o*5  ^ 
Calcium  phosphate  "I 
Ferrous  sulphate  J 

By  varying  the  salts  of  the  solution  in  a  number  of  experi- 
ments, and  observing  the  effect  produced  uj)on  the  j^lants  by 
the  presence  or  absence  of  certain  salts,  their  importance  to 
plants,  and  that  of  their  constituent  elements,  may  be  readily 
ascertained. 

The  elements  which  have  been  found  to  be  essential  to 
the  life  of  plants  are  the  following;  Carbon,  Hydn^en, 

Oxygen,  Nitrogen,  Sulphur,  Phosphorus,  Potassium,  Calcium, 
Magnesium,  Iron  (in  the  case  of  green  plants),  and  in  cci  tain 
cases  apparently  also  Chlf>rinc. 

Inasmuch  as  the  so-called  organic  substances  which  are 
found  in  plants,  such  as  fats  and  other  hydrocarbons,  starch, 
cellulose  and  other  carboh\  d rates,  proteids  and  their  allies, 
consist  of  C  and  H,  or  of  C,  H,  and  O,  or  of  C,  H,  O,  and  N, 
or  of  these  together  with  S,  or  F,  it  is  clear  that  these 
elements  are  of  importance  to  the  plant  because  they  com- 
pose the  substances  of  which  the  structure  of  the  plant  is  built 
up.    i'ufthcr  they  are  of  imporUace  because  the  complex 
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substances  wliich  they  form  arc  readily  decomposed  and  thus 
cnercyy  is  set  free;  this  will  be  fully  considered , in  treating  of 
the  destructive  metabolism  of  the  plant. 

With  r^ard  to  the  other  elements,  it  appears  that  they 
do  not  eater  into  the  composition  of  the  substances  of  which 
the  tissues  of  plants  consist;  their  importance  being  of  this 
nature,  that  they  promote  the  metabolism  of  the  plant  It  is 
true  that  in  ^e  analysts  of  protoplasm  or  of  cell-wall  an  ash 
containing  sonic  or  all  of  these  elenicnt.s  i.s  always  obtained, 
and  further  that  protcids  and  carbohydrates  form  chemical 
compounds  with  the  alkalies  and  alkaline  earths^  but  there 
is  no  evidence  to  shew  that  the  elements  in  question  occur  in 
the  living  plant  as  integral  constituents  of  the  chemical  mole- 
cules of  the  substances  which  compose  its  organised  structure. 

We  will  now  proceed  to  consider  in  detail  the  forms  in 
which  tJiese  elements  are  absorbed  by  plants,  and  the  part 
which  they  respectiveh'  play  in  the  economy. 

Carbon.  The  form  in  which  this  clement  is  absorbed  by 
plants  depends  upon  the  nature  of  the  plant.  Plants  which 
contain  chlorophyll  obtain  their  carbon  by  the  absorption  of 
carbon  dioxide,  whereas  plants  which  do  not  contain  chlo- 
rophyll obtain  their  carbon  by  the  absorption  of  oiganic 
substances  in  which  C  is  directly  combmed  with  H. 

It  mutt  not  be  concluded,  however,  that  plants  containing  chlorophyfl 
aze  incapable  of  absorbing  complex  carbon  compounds.  Thus  it  has 
been  ascertained  by  the  researches  of  Darwin  and  odicrs  that  the  ''insec- 
tivorous" plants  absorb  such  compounds  by  their  modified  leaves,  and 
that  these  compounds  are  of  importance  in  their  nutrition.  Further,  it  is 
well  known  that  a  number  of  green  plants,  such  as  the  Mistletoe,  Thesium, 
Melampyrum,  Rhinanthus,  Euphrasia  and  others,  live  parasitically  on 
other  plants  :  it  is  po'svible.  hnv,  cver,  tliat  these  plants  do  not  absorb 
complex  carbon  compounds  Irom  their  hosts,  but  simply  water  holdinj^ 
inorganic  salts  in  solution.  Finally,  it  has  been  proved  by  direct  experi- 
ment that  green  plants  take  up  complex  carbonaceous  substances,  bucli 
as  Urea  (Cameron),  Glycocoll,  Asparajijin,  Lcucin,  Tyrosin  (Knop  and 
Wolf),  when  supplied  to  their  roots.  These  remarks  apply  also  to  H, 
O,  and  N,  inasmuch  as  these  elements  are  present  in  combuiation  with 
C  in  the  substances  mentioned. 

In  order  to  aacert^  whether  or  not  oi^ganic  acida  (oxalic,  tartaric, 
•uocmic)  can  serve  to  supply  green  plants  with  carbon,  Stutier  grew  a 
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number  of  plants  in  artificial  soils  containing  salts  of  these  acids,  and 
presented  any  access  of  carbon  dionde  to  the  leaves.  He  found,  on  the 
whole,  that  Che  plants  gained  in  dry  weight,  and  he  concluded  that  these 
acids  can  snpply  carbon  to  the  plant  Schmoeger,  however}  in  repeating 
the  experiments,  found  that  these  salts  undergo  decomposition  in  the  soil, 
carbon  dioxide  bdng  evolved,  and  he  attributes  the  increase  of  weight 
observed  by  Stutzer  to  the  absorption  by  the  leaves  of  the  plants  of  the 
carbon  dioxide  evolved  from  the  salts  of  the  soil  during  the  expoiment. 

Plants  which  do  not  contain  chlorophyll,  and  which  must  therefore 
take  up  their  carbon  in  the  form  of  complex  compounds,  arc  either 
parasiteSy  that  is  they  live  upon  other  living  organisms,  or  saprophytes^ 
that  is  they  live  upon  the  products  of  the  waste  and  decay  of  other  living 
organisms  The  plants  whic  h  not  contain  chlorophyll  are  the  Fungi,  and 
•X  few  Phanerogams,  Epipogium  iinieliiii^  Cuscuta,  Monotropa,  Lathraca, 
Corallorhiza ;  of  these  the  Fungi  include  both  parasites  and  saprophytes, 
Epipogium  Gmelini  is  a  saprophyte,  Cuscuta  a  parasite,  and  Monotropa, 
according  to  Drude,  may  be  cither  the  one  or  the  other.  The  Orobancheje, 
which  arc  parasitic,  and  Ncottia,  vvliich  is  saprophytic,  have  not  a  green 
colour,  but  nevertheless  small  quantities  of  chlorophyll  have  been  detected 
in  them. 

Although  the  Fungi  cannot  assimilate  carbon  in  the  Ibrm  of  carbon 
dioxide,  yet  they  can  assimilate  it  in  compounds  which  cannot  be  assimi- 
lated 1^  green  plants.  This  subject  has  been  investigated  by  Naegeli, 
and  the  following  is  a  list  of  the  oiganic  substances,  arranged  in  order 
according  to  their  nutritive  value,  which  he  found  to  be  assimilated  by 
various  Fungi  fV'^east,  Bacteria,  Moulds). 
*    I.    The  different  kinds  of  sugar. 

3.    Mannite  :  Glycerin  :  the  carbon-group  in  Leucin. 

3.  Tartaric  acid  :  Citric  acid :  Succinic  add :  the  carbon*group  'in 
Asparagin. 

4.  Acetic  acid  :  Ethyl-nlcohol  :  Quinic  acid. 

5.  Benzoic  acid  :  Saiicyli   arid  :  the  carbon-group  in  Propylamme. 

6.  The  carbon-group  in  Mcthylaiaine  :  Phenol. 

He  found  that  liicy  could  not  assimilate  carbon  in  the  form  of  cyanogen- 
compounds,  of  urea,  of  formic  acid,  and  of  oxaUc  acid.  The  acids  men* 
tioned  above  were  in  combination  with  ammonia. 

The  carbon  absorbed  in  any  of  these  forms  is  used 
within  the  plant  for  the  formation  of  substances  which  either 

take  pdi  t  in  the  building  up  of  liic  plant,  or  undergo  decom- 
position,— energy  being  thereby  set  free  in  the  plant.  The 
processes  by  which  these  combinations  and  decompositions 
are  effected  will  be  fully  considered  hereafter. 

Hydrcgen*   This  element  is  absorbed  by  all  plants  alike 
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in  comUnatiofi  in  the  form  of  water,  or  In  the  form  of  ammo- 
nia and  its  compounds,  or,  as  mculioncd  above,  in  complex 
carbon  cum  pounds. 

Its  use  in  the  economy  is  very  much  the  same  as  that  of 
carbon. 

Oxygen.  Oxygen  is  taken  up  by  plants  either  free,  or  in 
combination  in  the  form  of  water  or  of  salts;  the  free  oxygen 
absorbed  is  especially  concerned  in  the  processes  of  destnic* 
tive  metabolism,  the  combined  oxygen  in  those  of  construe* 

tive  metabolism. 

It  was  pointed  out  in  Lecture  V.  (p.  75),  that  certain 
plants  arc  capable  of  living,  for  a  time  at  least,  without  takinc^j- 
up  free  oxygen;  this  point  will  be  further  considered  in  con- 
nexion with  the  destructive  metabolism  of  plants. 

Nitrogen.  It  has  been  conclusively  proved  by  the  re- 
searches of  Lawes,  Gilbert,  and  Pugh,  and  by  those  of  Bous- 
singault,  that  plants  are  incapable  of  taking  up  free  nitrogen: 
they  absorb  it  therefore  only  in  combination  (see  p.  84), 

Tbe  annexed  figure  wHl  give  seme  idea  of  the  method  by  which 
Boussu^uU  arrived  at  this  result:  a  glass  bdl*jar  .4  stands  in  a  glass 


Fig.  20. 


dish  C,  which  contains  water  strongly  acidified  with  sulphuric  add,  rest- 


Digitized  by  Google 


THE  FOOD  OF  PLANTS.  127 

Jug  on  three  small  blodcs  of  porcdain  ^,  within  the  bell-jar  is  a  glass 
dish  E,  containing  water,  which  stands  upon  the  glass  support  S;  the 
water  in  E  serves  to  moisten  the  soil  in  the  flower-pot  P  in  which  the 
plant  is  growing;  by  means  of  the  tube  /,  /  more  water  can  be  introduced 

into  Ef  if  necessary ;  carbon  dioxide  can  be  introduced,  if  necessary,  by 
the  tube  A.  The  soil  in  is  heated  to  redness  before  the  experiment. 
The  seed  is  sown  in  P  and  is  then  placed  under  the  bcU-jar.  A  similar 
seed  is  taken  for  analysis,  and  the  proportion  of  nitrogen  wliirh  it  con- 
tains is  accurately  estimaletl.  If  now  the  j)lani  developed  iVoin  tlie  seed 
sown  in  P  be  found,  on  analysis,  to  contain  no  more  nitrogen  than  the 
seed  analysed,  it  may  be  concluded  th.it  the  plant  has  not  absorbed  any 
nitrogen.  Since,  under  the  conditions  of  the  exj)eriment,  no  suj)ply  of 
nitrogen  is  offered  to  the  plant  except  the  free  nitro^'cn  in  the  air  in  the 
bcU-jar,  it  is  evident  that  none  of  this  can  have  been  taken  up  by  the 
plant. 

The  analysis  of  one  experiment  may  bs  given  as  an  Uhtstration.  The 
seed  was  that  of  a  Dwarf  Runner. 

Nitrogen  found  in  the  plant    0  0290  grms. 

t»         J,         soil    00033  „ 

,)        I,        flower-pot   0^17  „ 

0-0340  „ 

M        n        seed    0*0349  „ 

Loss  of  nitrogen    owog  ,t 

The  nitrogenous  compounds  absorbed  by  plants  are,  in 
addition  to  the  organic  substances  mentioned  above  (p.  124), 
ammonia  and  its  salts,  and  nitrates.  From  the  researches  of 
Boiissingault  It  appears  that  the  higher  plants  flourish  best 
when  supplied  with  nitrogen  in  the  form  of  nitrates,  whereas  the 
lower  plants  absorb  it  more  readily  in  the  form  of  ammonia; 
in  fact  Pasteur  has  .^hcwn  that  tlic  Yeast-plant  cannot  assimi- 
late nitrates.  It  must  be  pointed  out,  however,  that  Boussin- 
tyaiilt's  conclusions  arc  too  general.  Lehmann  has  found  that 
many  plants  iioiirish  better  when  supplied  with  ammonia- 
salts  than  when  supplied  with  nitrates ;  this  was  well  marked 
in  the  case  of  the  Tol>acco-plant  The  Beet  is  another  case 
in  point.  Schulze  and  Urich  found  a  large  quantity  of 
nitrates  in  the  roots,  shewing  that  the  absorbed  nitrates  had 
been  altered  to  only  a  small  extent  by  the  plant,  and  Coren- 
winder  states  that  he  found  the  amount  of  niLiates  in  the 
roots  to  be  the  same  as  that  which  he  had  supplied  to  the 
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plant  as  manure.  Further  Boussingault  himself  observed 
incidentally  that  a  Helianthus  which  had  been  manured  with 
ammonium  carbonate  had  gained  Aree  times  as  much  nitro- 
gen as  one  which  had  been  supplied  with  nitrates  during  an 
experiment. 

Naegeli  finds  that  Fungi  can  assimilate  nitrogen  in  organic  combina- 
tion in  the  form  of  proteids,  of  mcthylamine  and  other  amines,  in  addi- 
tion to  the  substances  mentioned  on  p.  124.  He  concludes  that  they 
assimilate  nitrof:^en  most  readily  when  it  is  supplied  to  them  in  the  form 
of  N  Ht ;  less  readily  as  N  H  ;  with  difficuhy  as  N  O ;  and  not  at  all  as  CN. 

It  appears  that  nitric  acid  may  be  absorbed  in  the  form  of 
any  salt  which  can  diffuse  into  the  plant,  the  most  common 
bases  being  soda,  potash,  lime,  magfnesia  and  ammonia  ; 

ammonia  maybe  absorbed  in  combination  as  chloride,  nitrate, 
sulphate,  or  phosphate,  but  the  carbonate  is  injurious,  at  least 
in  water-cultures,  on  account  of  its  alkalinity. 

Inasmuch  as  all  plants  necessarily  absorb  their  nitrogen  in  the  com- 
bined form,  it  will  be  of  interest  to  enquire  into  the  sources  of  combined 
nitrogen.    It  has  been  known  since  the  time  of  Cavendish  that  a  forma- 
tion of  nitnc  acid  attends  electric  discharges  in  the  atmosphere,  and  it 
was  thought  that  this  might  maintain  the  supply  of  combined  nitrogen  in 
the  soil.    But  Lnv,  c<^  and  Gilbert  have  found  that  the  quantity  thus  formed 
and  conveyed  to  the  soil  by  rain  will  only  account  for  a  fraction  of  the 
quantity  removed  from  the  soil  in  the  crop  (in  the  absence  of  nitrogenous 
manure),  so  that  we  are  compelled  to  seek  for  other  sources  of  supply. 
These  have  been  suggested  by  various  observers.     Thus  Schonbein 
pointed  out  that  a  forniation  of  anunonium  nitrite  takes  place  when  water 
evaporates  at  certain  temperatures,  and  that  this  substance  is  also  formed 
when  various  substances^  such  as  phosphorus,  fats,  etc.,  are  burned  in 
moist  air,  but  this  has  been  shewn  to  depend  upon  the  oxidation  of  ammo- 
nia. Still  it  must  not  be  overlooked  that  a  formation  of  nitrogen<am- 
pounds  has  been  found  to  attend  various  processes  of  oxidation;  Kolbe 
and  Uolmann  observed  that  when  a  hydrogen  flame  was  kept  burning  for 
a  time  in  a  vessel,  the  water  produced  always  contained  nitric  acid,  and 
Bunsen  observed  that  when  a  mixture  of  air  and  hydrogen  was  exploded 
by  the  electric  spark,  the  resulting  water  contained  nitric  acid.   This  is 
also  the  case  when  phosphorus  is  burned  under  a  bell-jar.    An  important 
source  is  probably  to  be  found  in  the  direct  combination  of  nitrogen  with 
organic  substances,  the  combination  being  dependent  upon  a  slow  electri- 
cal discharge.    Berthelot  found,  for  instance,  that  when  cellulose  and 
dextrine  are  exposed  in  air  for  some  hours  to  the  action  of  a  weak  electri- 
cal currenti  a  substance  is  obtained  which  evolves  ammonia  when  heated 
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wtHk  sodar-Hme.  A  similar  observatioii  has  been  made  by  Hennaui  who 
Ibnnd  that  rotting  wood  fixes  nitrogen,  producing  a  nitrogenous  body 
whidi  be  terms  ^nitrotin."  Mulder  was  of  opinion^  and  in  this  he  is 
supported  by  various  recent  observeis,  that  nitrogen  is  fixed  by  a  soil 
rkfa  in  humus,  a  view  which  is  supported  by  Berthelot*8  experiments 
mentioned  above:  The  subject  cannot,  however,  be  regarded  as  fiiDy  • 
investigated  at  present. 

A  few  words  may  be  added  here  with  reference  to  the  loss  of  combined 
nitrogen  in  nature.  Living  organisms  probably  effect  no  change  in  the 
total  quantity  of  combined  nitrogen;  their  nitrogenous  waste-products 
arc  all  compounds  of  nitrnrrcn.  It  appears  that  a  certain  loss  of  combined 
nitro<jen  attends  the  putrefaction  of  nitrogenous  organic  substances  and 
especially  their  combustion,  free  nitrogen  beins:  evf>1vf>fi. 

Another  point  of  interest  may  be  briefly  referred  to,  namely  this,  that 
there  is  going  on  in  the  soil  a  process  by  which  the  ammonia  supplied  to 
the  soil  as  manure  or  which  is  formed  there  bv  the  decomposiiion  of 
nitrogenous  organic  substances  is  converted  int*.  ri  i;]  i  iii  md  this  into  nitric 
acid.  These  processes  arc  termed  "niiiiucctiiun,  .hkI  .ul  t  ifected  by 
means  of  oi^ganised  ferments  of  the  nature  of  Micrococci  (Warrington, 
SchU^sing  and  Mfinti). 

With  regard  to  the  elements  constituting  the  ash,  it  may 
be  repeated  here  (see  p.  61)  that  their  absorption  by  the 
plant  depends  essentially  upon  the  activity  of  its  metabolism. 
This  is  well  shewn  in  the  following  table  of  analyses  by 
Arendt 


He  analysed  1000  Oat-plants  at  various  stages  of  their  growth:  the 
%ure5  give  the  quantity  in  granmies  of  each  ash-constituent  present. 


I. 

II. 

III. 

IV. 

V. 

June  18 

June  30 

July  10 

July  21 

July  31 

SO, 

3  IwVMOpCO 

Plant  heading 

lilossomiqc 

Ripening 

fo6 

271 

2-68 

4-83 

5 '34 

3'27 

5'99 

10*32 

12*90 

14-23 

Potash 

17-05 

4020 

4433 

4376 

Lime 

8-50 

11*60 

14*49 

1471 

Magnesia 

J  53 

271 

371 

5-42 

6*45 

Ferric  oxide 

0'20 

0-46 

0*61 

083 

0*58 

Silica 

639 

15-82 

25'45 

34*66 

3632 

Soda 

0^ 

1*28 

i'47 

1*12 

0S7 

Chlorine 

3^ 

5*32 

5*96 

578 

Total  Ash 

37*12 

73*20 

101*36 

I24S4 

128*04 

It  most  be  remembered,  however,  that  although  the  abs0luie  amount 
of  ash  increases  with  the  age  of  the  plant,  the  pr^p^rHoH  of  ash  to  the  dry 
iQlid  dimiDishcs. 

V.  9 
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But  this  table  does  not  only  serve  to  shew  that  the  quan- 
tity of  ash-constitucnts  absorbed  is  in  intimate  relation  with 
the  metabolic  activity  of  Uic  plant ;  it  also  enables  us  to  form 
some  idea  as  to  the  connexion  of  certain  constituents  with 
certain  phases  of  metabolic  activity.  This  will  be  discussed 
in  the  subsequent  consideration  of  ash-constituents  in  detail. 
It  will  suffice  for  the  present  to  point  out  fhat»  of  the  essential 
ash-constituents,  sulphur,  phosphorus,  and  magnesium,  are 
the  only  elemeilts  which  continued  to  increase  in  quantity  in 
the  plant  throughout  the  whole  course  of  the  experiment 

Some  v  aluable  information  is  also  to  be  obtained  from  a 
consideration  of  the  distt ibuiioii  of  the  ash  in  the  plant. 
Speaking  generally  we  may  say  tliat  the  proportion  of  ash 
increases  from  the  root  upwards  to  the  leaves,  a  fact  which 
tends  to  prove  that  the  leaves  are  the  organs  in  which  the 
metabolism  of  the  plant  more  especially  takes  place.  The 
following  table  of  anal3fses  may  be  given  In  illustration* 

Arendt  has  obtained  the  following  results  by  a  Beriea  of  analyses  of 
different  parts  of  the  Oat-plant :  tlie  figures  give  the  percentage  of  ash  in 
the  dry  acdid  of  the  plant 


3  lower 
joints  of 
stem 

a  middle 
Jolatt 

3  lower 

Total  1 

Ears 

Entire 
plant 

June  i8 

4*4 

4*4 

97 

77 

17*4 

80 

July  10 

25 
3'5 
4*4 
4-6 

2*9 
47 
50 

5*3 

3*5 

5-  2 

5'5 

6-  4 

8-9 

13-4 

14'9  , 
1 6*3 

9'4 
1 02 
101 

ID' I 

7'o 

6-9 

97 
io'5 

16-4 
171 
198 
20'6 

3-8 

3-6 
2-8 
2-6 

5 -2 

54 
5-2 

5*1 

15-0 

17-9 

2sy6 

53*5 

39*8 

34*1 

73*9 



12-8 

209 

The  constituents  of  the  ash  exist  in  the  plant  partly  in 
solution  and  partly  in  the  form  of  insoluble  compoundsi 
Hellriegel  determined  the  following  percentage  in  Clover : 
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Yoaaf  kftvM  ^         Ifatinw  l—m 


Potash 

( difisolvdl 

7C"2 

/J  * 

J/  J 

i  undissolved 

63*7 

Lime 

(  disserved 

\  undissolved 

27*6 

Magnesia 

f  dissolved 

43^ 

( undissolved 

56-4 

217 

Silica 

J  dissolved 

268 

161 

\  undissolved 

73*2 

839 

Phosphorus 

[  dissolved 

20'9 

19-9 

peatoxide 

\  undissolved 

791 

801 

Sa^&ur.  It  was  mentioned  above  that  sulphur  is  a  oon- 
stituent  of  the  proteid  substances,  and  this  is  practically  all 
that  is  known  as  to  its  use  in  the  economy.  It  is  absorbed  in 
the  form  of  sulphates^  those  of  ammonium,  potassium,  magne- 
sium, and  calcium  bein^  the  most  advantageous.  Sulphates 
occur  in  solution  in  the  ccU-sapof  organs  in  which  metabolism 
is  activeh'  pi  jcecding  and  are  doubtless  formed  in  connexion 
with  the  decomposition  of  proteid. 

Sulphur  occurs  in  many  products  d  metabolismi  such  as  sulphurised 
cther%  etc  These  will  be  noticed  hereafter. 

Pkospkcrus,   Phosphorus  is  taken  up  by  plants  in  the 

form  of  phosphates.  It  enters  into  the  composition  of  some 
of  the  substances  which  constitute  the  organised  parts  of 
plants,  namely  nuclein  and  plastin. 

According  to  Hoppe-Seyler,  an  oiganic  substance  containing  phos- 
plionis^  Ledcfaln  (CmHmNPOi),  occurs  to  acdvdy  growing  cells  of  the 
most  various  plants.  This  observation  has  not,  however,  been  confirmed 
by  Naegeli  in  his  researches  upon  the  chemical  composition  of  Yeast 
Lecithin  has  been  found  by  Loew  in  the  spores  and  by  Reinke  in  the 
pbsmodium  of  i4£thaliuro. 

Hq^-Seyler  has  found  that  phosphorus  is  present  in  chlorophyll  (see 
a0u^  p.  155),  forming,  as  he  beUeves,  an  integral  pan  of  the  molecuie. 

Besides  being  a  constituent  of  some  of  the  substances 
uhich  enter  into  the  orphan ised  structure  of  plants,  phos- 
phorus bears  an  important  relation  to  certain  of  their  meta- 
bolic processes.  Phosphates  arc  always  to  be  found  in  rela- 
tbo  with  living  protoplasm,  but  the  exact  significance  of  this 

9^2 
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fact  is  unknown.   It  will  be  observed  in  the  table  of  ash- 

constituents  ^Wcn  above  (p.  129)  that  the  greatest  increase 
of  phosphorus  in  the  plant  takes  place  during  the  period 
of  its  most  active  development.  Experiments  upon  animals 
have  shewn  that  phosphorus  and  phosphates  promote  the 
metabolism  of  nitrogenous  substances,  and  possibly  this  may 
be  also  the  case  in  plants.  As  a  matter  of  fact  Bousslngault 
and  Lawes  and  Gilbert  have  found  that  phosphates  exercise 
an  important  beneficial  influence  upon  the  assimilation  of 
nitrogen,  whether  supplied  in  the  form  of  nitrates  or  of 
amm  Ilia  ;iUs,  by  the  plant.  This  is  clearly  shewn  by  the 
following  table  taken  from  Boussiogault. 

The  experiments  were  made  with  Heliatithiis-plaiits. 
nant  sapplied  with  nitrates  a&d  phosphates,  86  days  old,  contained  dry 

solid  21*22  grins :  N  ^0*170  grm. 
Plant  supplied  with  nitrates,  but  00  phosphates,  72  days  old,  contained 

dry  solid  1*175  grms  :  Naso'016  ^;rm. 
Plant  supplied  with  ammonium  carbonate,  but  no  phosphates,  74  days  old, 
contained  dry  solid  1130  grms :  N  -0x^2  gnn. 

Potassium,   Potassium  is  absorbed  in  a  variety  of  com* 

pounds,  such  as  the  sulphate,  phosphate,  chloride,  diid  pro- 
bably also  the  silicat.e.  Of  these  the  chloride  is,  according 
to  Nobbe,  the  inost  advantageous  form  in  which  it  can  be 
supplied  to  plants. 

Like  phosphorus,  potassium  is  always  found  in  relation 
with  living  protoplasm;  in  fact  it  appears  from  de  Saussure's 
observations  that  the  amount  of  potash  in  an  organ  affords  an 
indication  of  the  metabolic  activity  of  the  organ. 

'fills  may  be  illustrated  by  some  analyses^  in  addition  to  thooe  given 
in  the  above  Table  (p.  129). 

1.  1000  parts  of  Potato-tops  contained  (Wolff) 

at  end  of  August   ,      2*3  of  potash 

at  beginning  of  October   07  „ 

2.  The  proportion  of  potash  in  100  paits  of  dry  solid  of  dtfibreni 
oigans  of  the  Horse-chestnut  (Wol0) : 

Leaves,  in  the  Spring    t9o 

II     Autunm  ..•     ...     ...  1*50 

Young  wood    ty6s 

Barh|  young       »  *    1*60 
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Flo,  «!• 


Water-cuiluics  of  Buckwheat,  afior  Nobbe* 
So,  !•  FInl  pomi  fai  iiuihmiI  hUm  lolulloiu 


ft  «• 
M  9* 


n 


tt 
•f 
•» 

99 


witfaoot  potassium. 

with  so<1a  instead  of  potaih. 

without  calcium. 

without  nitrates  or  ammonia  salts. 
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The  functions  wiih  which  potassium  appears  to  be  espe- 
cially connected  in  plants  containing  chlorophyll,  is  that  of 
the  formation  of  organic  substance.  Thus  Nobbe  found,  in  a 
number  of  water-cultures,  that  a  plant  not  supplied  with  salts 
of  potassium  grew  but  little  (Fig.  21,  2,  3),  did  not  increase 
in  weight,  and  that  the  amount  of  starch  in  the  plant  was 
very  small,  being  represented  only  by  a  few  grains  in  the 
chlorophyll-corpuscles  of  the  leaves.  On  the  addition  of 
potassium  chloride  the  starch-grains  became  more  numerous 
in  the  chlorophyll-corpuscles,  and  made  their  appearance  also 
in  the  tissues  of  the  stem.  It  is,  however,  not  known  what  is 
the  precise  significance  of  potassium  in  relation  to  the  forma- 
tion of  otganic  substance. 

Liebig  was  of  opinion  that  potassium  played  an  important 
part  in  the  distribution  of  carbohydrates  throughout  the 
plant,  but  this  has  not  been  adequately  confirmed.  It  ap- 
pears rather  that  the  observed  facts  upon  which  this  view  was 
based,  point  to  the  effect  upon  the  plant  not  of  the  polassium 
itself  but  of  the  particular  form  in  which  it  was  presented. 
This  point  will  be  again  touched  upon  when  we  are  consider- 
ing the  use  of  chlorine  in  the  plant 

That  potassium  bears  some  important  relation  to  the  for- 
mation and  to  the  storing- up  of  carbohydrates  is  shewn  by 
the  fact  that  the  organs  in  which  these  processes  are  taking 
phicc,  such  as  leaves,  seeds,  tubers,  etc.,  are  those  parts  of 
plants  which  are  richest  in  this  element. 

Potassium  occurs  in  consideraUe  quantities  in  plants  in  combination 
with  organic  acids. 

Nacvreli  Ims  observed  that  C  i  siumor  Rubidium  can  replace  potassium 
in  the  food  oi  certain  Fungi  (Moulds,  Yeast,  Bacteria). 

Caieium.  The  compounds  in  which  calcium  is  usually 
supplied  to  plants  are  the  sulphate,  phosphate,  nitrate^  and 
carbonate,  the  last  undergoing  decomposition  in  the  process. 
When  absorbed  in  these  forms  it  contributes  to  the  well-bcinjT 
of  the  plant,  whereas  when  it  is  absorbed  in  the  form  of 
chloride  the  effect  is  unfavourable. 

The  precise  use  of  calcium  to  plants  is  unknown.  It 
cannot  be  replaced  in  the  food  of  plants  which  contain  chlo- 
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rophyll  by  any  other  metal,  but  Naegeli's  researches  have 
shewn  that  it  can  be  to  some  extent  replaced  by  Strontium, 
Barium,  or  Magnesium,  in  the  food  of  certain  Fungi  (Moulds). 
It  is  especially  abundant  in  the  leaves  of  green  plants.  The 
effect  of  an  insufficient  supply  of  calcium  is  shewn  in  Fig. 

31,4- 

It  was  pointed  out  in  the  second  lectute  (p.*  22)  that  cal- 
cium occurs  commonly  in  the  cell-wall,  and  it  is  weW  known 

that  it  forms  compounds  with  proteids.  It  is  therefore  possi- 
ble that  it  contributes  to  the  building  up  of  the  tissues  in  the 
form  of  organic  compounds. 

Calcium  very  commonly  occurs  in  the  cells  of  plants  in  the  form  of 

crystals  of  the  carbonnte  or  oxalate,  and  it  is  possibly  one  of  the  im- 
portant functions  of  c  ilcium  to  form  insoluble  salts  with  acids  which  are 
of  no  further  use  in  and  are  even  injurious  to  the  plant. 

Mugmsmm,  like  calcium,  may  be  advantageously  absorbed 
by  plants  in  the  fonn  of  all  its  salts  except  the  chloride.  Very 
little  is  known  as  to  its  use.  Its  distribution  appears  to  be 
tolerably  uniform.    It  appears,  from  Naegeli's  observations, 

that  it  can  be  replaced  in  the  food  of  Moulds  by  calcium. 

Maj^esium  occurs  in  the  aleurone-grains  of  seeds  in  combination  with 
phosphoric  acid  and  calcium  in  the  fonn  of  rounded  masses  termed 
globoids  (see  infra), 

IrpfL  It  appears  that  iron  may  be  absorbed  by  plants  in 
the  form  of  the  most  different  compounds. 

With  regard  to  its  use  in  the  plant  it  may  be  mentioned 

in  the  hrst  place  that  iron  has  been  detected  m  the  most 
different  plants  and  in  the  various  parts  of  plants,  either  in 
the  cell-contents  or  in  the  cell-wall,  but  it  has  been  found  to 
be  essential  only  to  those  plants  which  contain  chlorophyll. 
If  a  seedling  be  cultivated  by  means  of  the  method  of  water- 
culture,  witii  its  roots  in  a  solution  which  contains  no  iron, 
the  leaves  which  are  formed  will  be  successively  paler  in 
colour  until  at  length  they  are  nearly  white;  in  this  state  the 
plant  is  said  to  be  ckl&rotic.  If  now  a  small  quantity  of  a  salt 
of  iron  be  added  to  the  solution  in  which  the  roots  are  im- 
mersed, or  if  the  white  leaves  are  painted  with  a  dilute  solu- 
tion of  iron,  they  will  very  shortly  become  green.  Iron  plays. 
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therefore,  an  iinp(;itant  part  in  the  rormatlon  of  the  green 
colouring-matter,  chlorophyll,  but,  as  wiii  be  subsequently 
shewn,  it  does  not  enter  into  its  chemical  composition.  It 
doubtless  affects  in  some  way  the  processes  in  the  cell  which 
lead  to  the  formation  of  the  chlorophyll  and  also  of  the 
chlorophyll-corpuscles,  for  Arthur  Gris  observed  that  no 
difTerentiation  of  corpuscles  had  taken  place  in  the  cells  of 
chioTxitic  leaves. 

We  have  now  concluded  the  consideration  of  those  con- 
stituents of  the  ash  of  plants  which  have  been  found  to  be 
essential  to  their  nutrition:  we  will  now  consider  some  of 
those  which,  though  universally  present,  have  been  found  to 
be  unessential. 

Sodium,  This  element,  one  of  the  most  widely  distributed 
is,  as  might  be  expected,  never  absent  from  the  ash  of  plants, 
and  in  some  cases,  especially  in  maritime  plants,  it  is  present 

in  considerable  quantity.  It  was  thought  that  possibly  it 
might  serve  as  a  substitute  for  potassium  in  the  nutrition  of 
the  plant,  but  this  has  not  been  found  to  be  the  case  (see 
Fig.  21,  3).  A  glance  at  the  table  given  above  (p.  129)  will 
suffice  to  shew  how  small  a  quantity  of  this  element  is 
absorbed,  and  from  this  an  inference  may  be  drawn  as  to  its 
uselessness. 

Ckhrme.    Chlorine  also  is  a  very  constant  constituent  of 

the  ash  of  plants,  but  it  does  not  appear  to  be  essential  to 
their  nutrition.  It  has  been  indeed  observed  that  plants  of 
Buckwheat,  Barley,  and  Oats,  did  not  flourish  when  grown  in 
solutions  containing  no  chlorides,  and,  as  in  these  plants  the 
chlorophyll-corpuscles  became  overfilled  with  starch-grains,  it 
was  thought  that  chlorine  was  of  importance  in  connexion 
with  the  translocation  of  carbohydrates  (Nobbe,  Leydhecker, 
Beyer).  On  the  other  hand  it  has  been  observed  that  Maize- 
plaiUs  will  grow  well  in  solutions  containing  no  chlorine,  and 
further  that  the  accumulation  of  starch  in  the  chlorophyll- 
corpuscles  may  be  induced  by  various  abnormal  external  con- 
ditions (Knop  and  Dworzak).  It  seems  probable,  thcrLfof^ 
that  chlorine  has  no  direct  infiuence  upon  the  metabolism  of 
plants,  but  only  an  indirect  one,  the  chloride  beii^  the  corn- 
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pound  of  f>otassiuin  which  is  most  advanta|^eous  to  tlic  plant. 
Farsky's  observations,  however,  seem  to  shew  that  chlorine 
is  itself  of  importance. 

Silicon.  Silicon,  as  already  pointed  out  in  the  fourth  lec- 
ture (p.  54),  is  absorbed  in  the  form  of  soluble  silicates  or 
possibly  as  soluble  silicic  acid.  It  principally  occurs  in 
plants  in  the  cell-wall,  but  Lange  appears  to  have  found  it  as 
silicic  acid  dissolved  in  the  cell-sap  in  Equisetum  hiemate,  and 
rfitzcr  has  described  certain  cells  in  the  pscudobulbs  of  epi- 
phytic Orchids  which  contain  each  a  plate  of  silica. 

Inasmuch  as  silica  is  always  present  in  the  ash,  and  fre- 
quently in  very  lai^e  quantity  (see  p.  21),  it  was  thought  that 
silicon  must  be  essential  to  the  nutrition  of  plants.  Sachs  found, 
however,  that  a  Maize^plant  will  grow  in  a  solution  containing 
no  silicon,  though  the  ash  of  such  a  plant  contains  but  07  per 
cent  of  silica,  whereas  that  of  a  plant  grown  under  ordinary 
conditions  from  18  to  23  per  cent.,  and  his  results  have  been 
confirmetl  by  Uiany  observers.  Wolff  has,  however,  found 
by  means  of  w^ater-cultures,  that  in  the  case  of  Oats,  the 
number  of  perfect  seeds  formed  is  greater  when  the  plant 
is  abundantly  supplied  with  silica. 

Still  it  is  possible  to  imagine  that  even  if  silicon  does  not 
play  any  important  part  in  the  metabolism  of  the  plant,  it 
may  be  of  use  to  it  in  giving  firmness  and  rigidity  to  its  tis- 
sues. It  was  suggested  by  Humphry  Davy,  and  the  view 
has  found  many  supporters,  that  the  cause  of  the  "laying" 
of  wheat  and  other  cereals  might  be  an  insufficient  supply  of 
silica.  On  investigation  this  has  been  found  not  to  be  the 
case.  The  structure  of  the  haulm  is  not  affected  by  the  supply 
of  silica.  The  real  cause  of  "laying''  has  been  found  to  be  the 
imperfect  development  of  the  tissues  due  to  an  inadequate  ex- 
posure of  light,  a  point  which  will  be  considered  hereafter. 

Inasmuch  as  all  the  chemical  elements  are  present  in  one 
place  or  another  in  the  soil,  it  will  11  I  be  surprising  to  find 
that  they  have  nearly  all  been  detected  at  different  times  in 
the  ashes  of  plants ;  there  is  no  need  therefore  to  enumerate 
further  the  ash-constituents. 

In  the  next  lecture  we  shall  consider  the  changes  which 
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the  plastic  food-materials — those,  namely,  which  arc  used  for 
the  building  up  of  the  organised  structures  of  plants — un- 
dergo after  their  absorption,  in  other  words,  the  processes 
of  constructive  metabolism. 
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THE  METABOLISM  OF  PLANTS. 

In  the  first  lecture  we  found  that  when  the  Ycast-plant  is 
adequately  supplied  with  food-materials,  it  is  capable  of 
formiuc,^  fr  om  them  proteid  and  cellulose.  Inasmuch  as  the 
size  of  the  Yeast-plant  is  limited,  the  result  of  this  formation 
of  proteid  and  of  cellulose  is  the  production  of  new  cells, 
each  of  which  consists^  like  the  parent,  of  a  cell-wail  and 
protoplasmic  contents :  and  further,  inasmuch  as  the  Yeast- 
plant  is  unicellular,  each  of  the  newly  formed  cells  is  a  distinct 
individual  plant.  In  the  case  of  multicellular  plants,  the 
result  of  constructive  metabolism  is,  as  in  the  Ye«ast-plant, 
the  formation  of  new  cells,  i)ut  here  the  new  cells  lemain  in 
connexion  with  and  form  part  of  the  plant,  and  tend  to 
increase  its  size  and  we^ht.  For  example,  if  a  seedling 
be  placed  under  such  conditions  that  it  can  take  up  and 
assimilate  food,  it  will  be  found  that  it  grows  and  that  its 
dry  weight  gradually  increases  to  many  times  that  of  the 
seed  from  which  it  was  developed,  the  excess  of  weight  being 
a  measure  of  its  constructive  metabolism. 

But  the  whole  of  the  organic  substance  formed  by  the 
plant  is  not  used  for  the  building-up  of  its  tissue.  A  certain 
portion  of  it  undergoes  decomposition  in  the  processes  which 
we  Include  under  the  head  of  destructive  metabolism,  and 
certain  of  the  products  of  decomposition  are  excreted  by 
the  plant    So  the  increase  In  weight  is  not  an  absolute 
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one ;  it  is  simply  the  expression  of  the  fact  that  the  gain  of 
the  plant  ts  greater  than  its  loss.   Further,  another  portion  of 

the  organic  substance  is  in  all  cases  stored -up  in  various 
forms  as  nseri'e-material,  in  connexion  either  with  the  pro- 
duction of  new  individuals  or  with  the  renewed  growth  of 
the  plant  itself  at  a  subsequent  period.  For  example,  reserve- 
material  is  deposited  in  all  seeds  and  spores  to  serve  as  food 
to  the  plant  to  be  developed  from  them  during  the  early 
stages  of  Its  growth.  Again,  the  most  various  parts  of 
perennial  plants,  stems,  rhizomes,  bulbs,  roots,  buds,  etc., 
contain  during  the  winter,  in  our  climate,  stores  of  reserve- 
material,  which  arc  deposited  there  whilst  tlic  plant  is  actively 
assimilating  in  the  summer,  and  w  hich  will  supply  it  with  the 
means  of  recommencing  its  growth  in  the  spring. 

In  the  last  lecture  we  ascertained  what  substances  consti- 
tute the  food  of  plants ;  we  have  now  to  enquire  inte^  the 
nature  of  the  constructively  metabolic  processes  by  which 
the  comparatively  simple  food-materials  are  converted  into 
complex  organic  substances. 

I .    The  Formation  of  Non-nitrogenous  Organic  Substance. 

We  will  take  as  our  starting-point  the  fact  mentioned 
in  a  previous  lecture  (p.  8i),  that  green  plants  and  parts  of 
plants  absorb  carbon  dioxide  when  exposed  to  bright  light, 
and  that  the  absorption  of  carbon  dioxide  is  accompanied 
by  an  evolution  of  oxygen.  We  will  endeavour  to  ascertain 
the  nature  of  the  chemical  processes  of  which  this  inter- 
change of  gases  is  an  expression,  and  to  determine  the  con- 
nexion of  these  processes  with  the  presence  of  chlorophyll 
and  with  the  action  of  light. 

We  shall  find  it  convenient  in  discussing  this  subject,  to 
trace  step  by  step  the  historical  development  of  our  know- 
ledge concerning  it.  Priestley  was  the  first  to  observe  that 
green  plants  absorb  carbon  dioxide  and  evolve  oxygen  under 
the  influence  of  sunlight,  or,  as  he  put  it,  "  dephlogisticate '* 
the  air.  Then  Ingenhousz  drew  special  attention  to  the 
inlluence  of  sunlight  upon  this  process,  proving  that  it  is 
not  the  heat  of  the  sun  but  its  light  which  is  of  importance. 
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S^n^bier  proved  that  the  amount  of  "  pure  air  "  (O)  evolved  by 
green  plants  in  water  is  greater  when  a  considerable  amount 
of  "fixed  air"  (CO.^)  is  held  in  solution.  De  Saussure 
endeavoured  to  determine  the  relation  existing  between  the 
volume  of  carbon  dioxide  absorbed  and  the  volume  of  ojcygcn 
evolved,  and  found  that  the  latter  was  smaller  tfaan  the 
former.  He  made,  moreover,  the  important  observation  that 
the  decomposition  of  carbon  dioxide  by  green  plants  under 
the  influence  of  light  is  accompanied  by  an  increase  in  their 
weight. 

Our  knowledge  on  this  subject  at  the  beginning  of  the 
present  century  may  be  briefly  summed  up  as  follows  :  green 
parts  of  plants  decompose  carbon  dioxide  when  exposed  to 
sunlight,  and  exhale  a  somewhat  smaller  volume  of  oxygen, 
these  processes  being  accompanied  by  an  increase  in  weight. 

Of  the  various  facts  which  are  included  in  this  summary 
the  one  which  especially  concerns  us  now  is  the  increase  in 
weight  Many  years  after  the  publication  of  de  Saussure's 
observations,  von  Mohl,  in  investigating  the  structure  of 
chioiupliyll-corpuscles,  noticed  the  almost  universal  occurrence 
of  starch-grains  in  them,  and  found  that  the  starch-grains 
are  not  constituent  parts  of  the  corpuscles,  but  are  secondary 
formations  within  them.  These  observations  were  subsequently 
confirmed  and  extended  by  Naegeli  and  Cramer,  and  by 
Bohm,  but  no  explanation  was  offered  of  the  connexion 
between  chlorophyll-corpuscle  and  starch-grain.  It  was  left 
to  Sachs  to  do  this.  In  endeavouring  to  determine  fully  the 
condiLions  of  the  dcconipui.ition  of  carbon  dioxide  by  green 
plants,  he  had  become  impressed  with  the  importance  of 
chlorophyll  in  the  process.  The  fact  that  in  tiie  absence  of 
chlorophyll  no  decomposition  of  carbon  dioxide  takes  place, 
led  him  to  investigate  the  structure  of  the  chlorophyll-cor- 
puscles. As  the  result  of  careful  and  extended  observation 
he  found  that  the  presence  of  starch-grains  in  chlorophyll- 
corpuscles  is  dependent  upon  exposure  to  light.  The  for- 
mation of  starch-grains  in  chlorophyll-corpuscles  was  thus 
shewn  to  depend  upon  the  same  conditions  as  the  decompo- 
sition of  carbon  dioxide,  and  Sachs  was  therefore  justihcd 


Digitized  by  Goo  Mc 


LECrUKl:.  IX. 


in  concluding  that  these  phenomena  belong  to  the  same 

function,  that  the  formation  of  starch  is  intimately  connected 
with  the  deconipositiun  of  carbon  dioxide.  Sachs'  conclusion 
was  fully  confirmed  by  Godlewski,  who  found  that  if  leaves 
exposed  to  light  are  not  supplied  with  carbon  dioxide  no 
starch-grains  are  found  in  their  chlorophyll- corpuscles.  The 
explanation  of  the  increase  of  weight  observed  by  dc 
Saussure  is  then  thls»  that  the  decomposition  carbon 
dioxide  by  the  green  parts  of  plants  is  connected  with  the 
formation  of  organic  substance,  and  that  starch  is  the  visible 
product  of  the  constructive  processes. 

But  is  the  starch  which  makes  its  appearance  in  chloro- 
phyll-corpuscles under  the  influence  of  light  to  be  directly 
connected  with  the  decomposition  of  carbon  dioxide  which 
goes  on  in  them  ?  It  is  generally  held  that  this  is  the  case, 
a  view  which  is  based  upon  the  fact  that  the  volume  of 
oxygen  exhaled  is  approximately  equal  to  the  volume  of 
carbon  dioxide  absorbed^  the  process  being  roughly  repre- 
sented by  the  equation  • 

6  CO, -1-5  HsO-QH^Ofl-e  Of 

Let  us  now  submit  this  view  to  a  critical  examination.  The 
fact  that  the  volume  of  the  exhaled  oxygen  is  approxi- 
mately equal  to  that  of  the  absorbed  carbon  dioxide  may 
be  accepted  as  established  It  is  true  that^  as  mentioned 
above,  de  Saussure  found  the  volume  of  the  exhaled  oxygen 
to  be  considerabl}-  less  than  that  of  the  absorbed  carbon 
dioxide,  but  it  is  probable  that  his  method  of  obsen  ation 
may  have  been  imperfect.  Buussingault,  who  subsequently 
investigated  the  subject»  obtained  very  different  results.  In 
fifteen  out  of  his  forty-one  experiments^  the  volume  of  oxj^gen 
exhaled  was  perceptibly  greater  than  that  of  the  carbon 
dioxide  absorbed;  in  thirteen  the  volumes  were  approximately 
equal ;  in  the  remainder  the  volume  of  oxygen  was  perceptibly 
smaller.  Taking  all  the  loi  t>  one  experiments  together,  Bous- 
singault  found  that  for  every  loo  volumes  of  carbon  dioxide 
absorbed,  9875  volumes  of  oxygen  had  been  set  free.  Further, 
it  has  been  found  by  a  number  of  other  observers,  such  as 
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Pfeffer,  Godlewski,  and  Hoik,  that  when  a  green  plant  is 
exposed  to  sunlight  in  a  closed  glass  vessel  containing  air, 
the  volume  of  the  air  rcinaiiih  approxiiiialely  constant.  It 
must  be  borne  in  mind,  however,  that  the  interchange  of 
gases  going  on  between  a  green  plant  and  the  outside  air 
is  not  merely  the  absorption  of  carbon  dioxide  and  the 
evolution  of  oxygen.  We  have  seen  in  a  previous  lecture 
(p.  75)  that  plants  also  absorb  oxygen  from  the  air  and 
give  out  carbon  dioxide.  The  change  in  the  constitution* 
of  the  atmosphere  in  a  closed  vessel  in  which  a  green  plant 
has  been  exposed  to  light,  is  then  the  resultant  effect  of  the 
operation  of  these  two  processes.  The  green  parts  of  the 
plant  liave  absorbed  carbon  dioxide  and  given  out  oxygen, 
the  parts  which  are  not  green  have  absorbed  oxygen  and  ' 
given  out  carbon  dioxide.  The  fact  that  the  volume  of  the 
oxygen  exhaled  is  frequently  slightly  smaller  than  that  of 
the  carbon  dioxide  absorbed,  is  doubtless  to  be  attributed 
either  to  the  exhalation  of  a  small  quantity  of  carbon 
dioxide  by  the  parts  of  the  plant  which  are  not  green,  this 
exhaled  carbon  dioxide  not  having  been  subsequently  decom- 
posed in  the  green  parts,  or  to  the  retention  of  a  small 
quantity  of  oxygen  in  the  plant  in  the  form  of  highly  oxidised 
organic  compounds. 

We  accept,  then,  the  fact  upon  which  this  view  is  based, 
but  we  have  yet  to  assure  ourselves  of  the  correctness  of  the 
inference.  Does  the  equality  in  the  volumes  of  the  gases 
absorbed  and  exhaled  warrant  the  conclusion  that  the  starch 
•which  appears  in  the  chlorophyll-corpuscles  is  connected 
with  the  gaseous  interchange  in  the  manner  indicated  by 
the  equation  given  above?  It  is  easy  to  point  out  that  a 
gaseous  interchange  of  this  nature  might  accompany  the  for- 
mation of  a  substance  altogether  different  from  starch ;  for 
instance,  methyl  or  formic  aldehyde  might  be  formed  accord- 
ing to  the  equation 

co,-i.  HtO-CH,o + O,. 

This  very  suggestion  has,  however,  been  brought  forward 
in  support  of  the  view  that  the  starch  formed  in  chlorophyll- 
corpuscles  when  exposed  to  light  is  derived  from  carbon 
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dioxide  and  water.  It  is  well  known  that  formic  aldehyde 
is  a  substance  which  readily  undergoes  pdlymerisatton,  so 
that  a  carbohydrate  might  be  easily  derived  from  it  thus 

6  CH20  =  C,Hi20«  (grape-sugar) 
and  CcHuO,-  HsO»C«HmO»  (stardi). 

Baeyer  considers  that  the  carbon  diosdde  is  decomposed  into  carbon 
monoxide  and  oxygen,  and  that  the  carbon  monoxide  combines  with 
hydrogen,  derived  from  water,  into  formic  aldehyde. 

a.  COs-CO  +  O, 

d.     CO  +  HaO  =  CHaO  +  0. 

Erlenmeyer,  whilst  accepting  this  view,  considers,  on  chemical  grounds, 
that  the  process  is  eflTectf-d  somewhat  differently ;  that  fonnic  acid  is  first 
produced  together  with  hydrogen  peroxide, 

C0,-»-2H,0»CU,0s+H,Ot, 

and  that  then  the  formic  add  and  hydrogen  peroxide  are  decomposed 
fonnic  aldehyde  and  water  being  formed  and  oxygen  evolved, 

CH,03+  H20,=CH,0  +  H2O  +  O,. 

It  must  be  admitted  that  Just's  observation  that  green  plants  cannot 
assimilate  carbon  monoxide  is  unfavourable  to  this  hypothesis,  but  i| 
must  be  borne  in  mind  that  the  absorption  of  carbon  monoxide  from 
without  and  the  formation  of  it  in  the  plant  may  involve  very  different 
chemical  conditions. 

Such  a  derivation  of  carbohydrate  from  formic  aldehyde 
is  not  entirely  theoretical,  for  Butlcrow  has  found  that  by  the 
action  of  alkalies  upon  a  polymer  of  formic  aldehyde,  a  sac- 
charine substance  (methylenitan)  is  produced:  similarly  from 
trioxymethylene  (CgH^Og),  Renard  has  obtained  a  syrupy 
substance  which  has  the  formula  C^H^O^,  and  which  reduces 
Fehling's  solution. 

The  facts  do  not,  however,  suffice  to  prove  that  the  starch 
formed  in  the  chlorophyll-corpuscles  under  the  influence  of 
light  is  actually  derived  from  carbon  dioxide  and  water.  All 
that  has  been  proved  is  this,  that  a  substance  is  formed  which 
has  the  ultimate  chemical  composition  of  a  carbohydrate. 

In  order  to  thoroughly  understand  the  formation  of 
starch  in  chlorophyll-corpuscles,  we  must  become  acquainted 
with  the  mode  in  which  carbohydrate  is  formed  elsewhere  in 
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the  plant.  It  was  pointed  out  in  a  previous  lecture  (p.  15) 
that,  according  to  Schmitz  and  Strasburger  and  in  harmony 
with  the  older  statements  of  iPringsheim,  the  cell-wall  is  pro- 
duced by  the  actual  conversion  of  a  layer  of  protoplasm,  and 
we  shall  see  hefeafter  that  the  same  is  asserted  of  the  layefs 
of  the  starch-grains  found  in  seeds,  tubers,  etc  Translating 
this  into  chemical  language  we  find  it  to  mean  that  molecules 
of  protoplasm  may  undergo  dissociation  in  such  a  way  as  to 
give  rise  to  molecules  of  carbohydiaic  tiinong  other  products. 
The  conclusion  to  be  drawn  is,  that  the  starch  which  is  formed 
in  chlorophyll-corpuscles  under  the  influence  of  light  is  also 
the  product  of  such  a  dissociation  of  protoplasm.  Some 
valuable  support  is  a£forded  to  this  view  by  the  observations 
of  Schimper  and  others  that  starch-grains  may  make  their 
appearance  in  chlorophyll-corpuscles  under  circumstanoes 
which  preclude  any  formation  of  them  from  carbon  dioxide 

and  water. 

The  non-nitrogenous  organic  substance  which  is  first 
formed  in  the  chlorophyll-corpuscle  Irom  carbon  dioxide  and 
water  is,  then,  not  starch,  but  a  substance  (possibly  allied  to 
formic  aldehyde)  which  goes  to  construct  proteid,  by  com- 
bining either  with  the  nitrogen  and  sulphur  absorbed  in  the 
form  of  salts  from  the  soil,  or  with  the  nitr<^;enous  residues 
of  previous  decompositions  of  proteid.  The  starch  deposited 
in  the  corpuscle  is,  however,  the  first  visible  product  of  the 
constructive  metabolism  going  on  within  it,  for,  unless  proto- 
plasm is  being  formed,  no  starch  can  be  produced:  it  may 
be  r^arded  as  a  temporary  reserve- material. 

Inasmuch  as  we  now  Icnow  that  the  visible  deposits  of 
non-nitrogenous  organic  substance  in  the  plant,  in  the  form  of 
starch  or  cellulose,  are  derived  from  protoplasm,  we  can  under- 
stand how  it  is  that  the  great  differences  in  dry  weight  which 
exist  between  plants  which  have  and  which  have  not  been 
supplied  with  assimilable  nitrogen  during  their  growth,  arc 
brought  about.  The  absence  of  assimilable  nitrogen  prevents 
the  formation  of  proteids  in  the  latter  case ;  as  a  consequence, 
cellulose  and  starch  are  formed  only  in  small  quantity,  and 
the  plant  remains  small,  its  development  being  only  due  to 
V.  10 
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the  nitrogenous  substances  stored  in  the  seed  from  which  it 

wcis  grown.  On  the  other  hand,  when  the  pldiit  is  supplied 
with  assimilable  nitrogen,  the  increase  in  weight  which  the 
plant  exhibits  is  much  greater  than  can  be  accounted  for  by 
supposing  that  just  so  much  carbon,  hydrogen,  etc.,  is  assimi- 
lated as  is  necessary  to  form  proteid  with  the  absorbed 
nitrogen;  there  is  evidently  an  accumulation  of  nonrnitro- 
genous  organic  substance  as  welL 


In  illustration  of  these  points  the  results  obtained  by  Boussiiigault 
with  Ildianthus  seeds  and  seedlings  may  be  cited. 


Mltrosen 
in 

seed. 
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to  the  scttl 
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weight  of 
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Plants  3  assimilated  0  420  grammes  of  carbon  — 780  c.c.  CO^,  the  daily 
assimilaiioji  being  8  75  c.c.  CO2:  plants  4  assimilated  0*848  grammes  of 
carbon=l566  c.c.  CO.,,  the  daily  assimilation  being  ij  6  c.c.  CO3. 

We  may  here  briefly  notice  the  fact  thai  m  many  cases  substances 
other  than  starch  have  been  found  in  chlorophyll-corpuscles.  For  instance, 
Briosi  failed  to  detect  starch-grains  at  any  time  in  the  chlorophyll- cor* 
puscles  of  the  Musacee,  but  found  oil-drops  instead,  and  Pringsheim 
made  similar  observations  on  Vauckeria  lessiUs,  It  has  been  found,  in 
die  case  of  the  Mosaceas  at  least,  that  the  organic  substance  first  fonned 
is  not  diflerent  from  that  in  other  plants.  Both  HoUe  and  Godlewski, 
who  have  carefully  investigated  the  subject,  point  out  that  if  oil  be  the 
substance  first  formed,  its  production  must  take  place  according  to  some 
such  equation  as  the  followiog : 

57  CO2  +  52  HjO  =  Cw  H,o«  O1+80  0„ 

and  that  this  would  necessarily  involve  the  evolution  of  a  volume  of 
oxygen  considerably  larger  than  that  of  the  carbon  dioxide  absorbed. 
As  the  result  of  experiment  they  found  that  such  a  relation  between  the 
volumes  of  the  gases  absorbed  and  exhaled  does  not  exist,  but  that  the 
relation  is  in  this  case  also  that  which  obtains  in  other  plants,  namely, 
that  the  volume  of  oxygen  exhaled  is  approximatdy  equal  to  that  of  the  . 
carbon  dioxide  absorbed.  The  substance  first  formed  in  the  chloiophyll- 
coipuscles  of  the  Musacese  also  is  then  one  which  has  the  ultimate 
chottical  composition  of  a  carbohydrate. 

The  oil  which  was  detected  in  the  chlorophyll-coipttficles  of  the  plants 
above-mentioned  is  doubtless  derived  from  protoplasm.  Its  presence  is 
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mit»  however,  confined  to  the  ddorophyll-corpusdei^  £or  HoUe  knmd  that 
itwasalsogeneraHy  diffused  throughout  the  protoplasm  of  the  cells.  The 
formation  of  the  oil  is  doubtless  to  be  attributed  to  the  action  of  certain 
oooditioos  which  were  an&Tourable  to  the  formation  of  starch  from 
protdd  and  which  led  to  the  decomposltioD  of  proco|^asm  in  such  a  way 
that  oil  was  one  of  the  products.  In  fact  Godlewsld  found  tiiat  when 
an  abundant  supfdy  of  carbon  dioxide  and  exposure  to  bright  light  were 
ensured,  starch-grains  were  abundantly  produced  in  the  chlorophyll- 
corpuscles  of  the  leaves,  especially  the  younger  leaves,  of  the  Musaceae. 

Pringsheim  has  found  that  a  substance  which  he  terms  Hypochlorin 
can  be  made  to  appear  in  chlorophyll-corpuscles  by  treating  them  with 
dilute  acid.  No  analysis  of  this  substance  has  as  yet  been  made,  but  it 
probably  contains  either  no  oxygen,  or  less  than  a  carbohydrate.  He 
regards  this  substance  as  the  first  visible  product  of  constructive  meta- 
bolism in  the  corpu<irlo.  l)ut  this  require?  jnoof  The  substance  may  be 
merely  a  product  uf  the  decomposition  oi  chiorophyil  by  the  acid. 

The  conditions  essential  to  tiie  formation  of  non-nitro* 
gcnous  organic  substance  from  carbon  dioxide  and  water  by 

the  chlorophyll-corpuscle  are  briefly  these ;  exposure  to  light, 
of  some  considerable  intensity,  and  a  sufficiently  high  tem- 
perature. Dc  baussure  came  to  the  conclusion  tliat  the  pre- 
sence of  free  oxygen  is  essential  to  the  process,  for  he  found 
that  green  plants  soon  die  in  an  atmosphere  of  pure  carbon 
dioxide,  and  that  plants  which  can  live  for  a  time  in  an 
atmosphere  of  nitrogen,  die  when  a  proportion  of  carbon 
dioxi<ie,  which  would  have  been  beneficial  if  added  to  ordinary 
air,  is  added  to  the  nitrogen.  Boussingault  carefully  re-inves- 
tigated the  subject,  and  (onml  tliat  the  effect  of  the  presence 
of  any  other  gas,  not  in  itself  linrtful,  upon  the  absorption  of 
carbon  dioxide  is  simply  a  mechanical  one  (see  p.  73). 

The  various  processes  which  result  in  the  formation  of 
starch  in  the  chlorophyll-corpuscles  are  gone  through  rather 
rapidly,  especially  in  the  more  lowly-organised  plants.  Thus 
Kraus  found  that  starch-grains  made  their  appearance  in  the 
chlorophyll-corpuscles  of  Spirogyra  within  five  minutes  after 
cx^ jusure  to  bright  sunlight,  within  two  hours  in  diiiu  c  day- 
light :  in  Funaria  they  made  their  appearance  after  two  hours' 
exposure  to  sunlight,  and  after  six  hours'  exposure  to  diiiuse 
daylight 

The  great  physiological  difference  between  plants  which 
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do  and  whicli  do  not  cuiiLdiii  Llilorophyll  is  the  fact  which  we 
are  now  considering,  namely,  that  plants  which  contain  chloro- 
phyll can,  under  the  influence  of  light,  construct  non-nitro- 
genous organic  substance  out  of  carbon  dioxide  and  water, 
A  plant  which  does  not  contain  chlorophyll  cannot  do  this ; 
it  is  therefore  necessary  that  it  should  be  supplied  from  with- 
out with  food  in  which  carbon  is  already  in  oiigantc  combina- 
tion (see  p.  124).  In  connexion  with  this  we  may  mention 
the  fact  that  no  starch  is  ever  found  in  the  tissues  of  Fungt, 
though  it  is  difficult  to  say  why  this  should  be.  U  is  very 
remarkable  that  although  the  protoplasm  of  these  plants 
undergoes  dissociation  in  such  a  way  as  to  produce  cellu- 
lose and  other  carbohydrates,  it  does  not  undergo  dissociation 
so  as  to  produce  the  carbohydrate  starch. 


2.    The  Formation  of  Nitrogenous  Organic  Suhstance. 

We  learned  in  the  lust  lecture  that  plants  can  only  avail 
themselves  of  nitrogen  in  the  combined  form,  either  as  in- 
organic salts  or  as  certain  organic  compounds,  for  the  purposes 
of  their  constructive  metabolism.  With  regard  to  the  con- 
ditions of  the  formation  of  nitrogenous  organic  substance  in 
the  plant,  we  know,  from  our  study  of  Yeast,  that  it  is  inde- 
pendent of  the  presence  of  chlorophyll,  and  it  apparently  goes 
on  as  well  in  the  absence  as  in  the  presence  of  light.  In  these 
respects  it  contrasts  in  a  marked  niamier  with  the  formation 
of  non-nitrogenous  organic  substance.  All  that  we  shall  have 
to  say  about  it  will  refer  to  the  probable  mode  and  the 
probable  place  of  its  occurrence,  and  unfortunately  we  are 
compelled,  in  the  absence  of  definite  information  on  these 
points,  to  confine  ourselves  to  probabilities. 

We  know  that  green  plants  form  non-nitrogenous  organic 
substance,  that  plants  destitute  of  chlorophyll,  parasites  or 
saprophytes,  absorJ>  substances  of  this  nature,  and  that  all 
plants  absorb  in(jrg<inic  compounds  of  nitrogen,  such  as  ni- 
trates and  salts  of  ammonia,  as  well  as  sulphates  :  here  then 
are  the  materials  for  the  formation  of  nitrogenous  organic 
substance.   But  though  we  know  what  are  the  necessary 
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materials,  we  can  only  guess  at  the  probable  process.  Em- 
merting,  from  a  series  of  analyses  of  the  Bean  ( Vieia  Faba  var. 
major),  comes  to  the  conclusion  that  the  nitrates  absorbed  by 

the  root  arc  decomposed  by  the  organic  acids  (especially  the 
oxalic)  present  in  the  plant  with  liberation  of  nitric  acid,  and 
that  this  nitric  acid  is  then  used  in  the  formation  of  proteid. 
According  to  Holzner  it  is  probable  that  the  absorbed  sul- 
phates also  are  decomposed  by  the  organic  acids,  sulphuric 
acid  being  set  free.  It  is  doubtless  by  the  combination  of 
the  nitric  and  sulphuric  acids  formed  under  these  conditions 
with  some  form  of  non-nitrogenous  organic  substance,  Loew 
and  Bokomy  suggest  formic  aldehyde,  that  nitrogenous 
organic  substance  is  ultimately  produced. 

In  the  detailed  discussion  of  this  difficult  subject  we  will 
principally  direct  our  attention  to  the  highly  ori^aiiised  plants, 
for  our  knowledge  of  tlieir  chemistry  is  relatively  great.  We 
will  begin  by  ascertaining  what  organ  it  is  in  which  the 
formation  of  nitrogenous  oiiganic  substance  takes  place. 

From  what  has  just  been  said  respecting  the  origin  of  the 
starch  which  is  to  be  found  in  the  chlorophyll-corpuscles, 
there  can  be  no  doubt  that  proteid  is  formed  in  cells  which 
contain  this  substance  ;  and  since  it  is  so  abundant  in  leaves, 
wc  may  conclude  that  the  leaf  is  more  especially  the  organ  in 
which  the  formation  of  proteid  takes  place.  Moreover  this 
conclusion  is  supported  by  other  though  less  direct  evidence. 
Emmerling  observed  in  the  Bean  that  whereas  the  root  con- 
tained a  quantity  of  nitric  acid  (ox>ys6  per  cent)  and  the  stem 
also  (0*0891  per  cent  in  the  lower  part,  0x1258  per  cent  in  the 
upper),  no  trace  of  it  could  be  detected  in  the  leaves ;  from 
this  he  inferred  that  it  is  in  the  leaves  that  the  nitrates 
absorbed  by  tiie  roots  and  conveyed  through  the  stem  arc 
used  up  in  the  formation  of  nitrc^enous  organic  substance. 
Further,  Pott  found  that  the  proportion  of  proteid  in  the  plant 
increases  froin  the  roots  towards  the  leaves,  the  proportion  of 
proteid  in  the  leaves  being  about  twice  as  great  as  that  in  the 
roots  of  many  of  the  plants  which  he  analysed. 

With  regard  to  the  chemistry  of  the  process,  there  can  be 
little  doubt  that  proteid  is  not  directly  formed,  but  that  nitro- 
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genous  orgaDic  substances  of  less  complex  composition  are 
formed  as  intermediate  products.  From  the  researches  of 
Biltz,  of  Kellner,  of  Emmerling,  and  of  Borodin,  it  appears 
that  crystallisable  nitrogenous  organic  substances,  such  as 
asparagin,  ieucin,  and  others  (we  may,  for  the  sake  of  brevity, 
term  them  amides)  are  frequently  to  be  found  in  leaves.  It  is 
quite  possible,  as  Kellner  and  Emmeriing  have  suggested, 
that  these  substances  may  be  formed  S3mthetically  in  the  leaf. 
We  may  imagine  the  processes  to  be  somewhat  as  follows. 
Since  all  Aese  substances  contain  nitrogen  in  the  form  of 
ammonia,  the  first  step  would  be  ihc  formation  of  ammonia 
or  ammonia  compounds  from  the  nitric  acid  absorbed  as 
nitrates  by  the  root ;  that  some  process  of  this  kind  actually 
takes  place  is  suggested  by  Emmeriing's  observation  that  no 
nitrates  are  usually  present  in  the  leaf,  by  the  fact  mentioned 
in  a  previous  lecture  (p.  127)  that  certain  plants  are  unable  to 
assimilate  the  nitrates  which  they  absorb,  and  by  Hosaeus* 
observation  that  ammonia  salts  were  to  be  found  in  a  number 
of  different  plants  which  he  analysed,  even  when  they  had 
been  supplied  with  manure  which  did  not  contain  ammonia. 
The  anunonia  thus  formed  combines  with  formic  aldehyde  or 
one  of  its  polymers  to  form  one  or  other  of  these  amides,  and 
this  combines  with  some  form  of  non-nitrogenous  organic 
substance  and  with  sulphur  to  form  proteid.  This  view  of 
the  mode  of  formation  of  proteid  is  supported  by  the  fact, 
mentioned  in  a  previous  lecture  (p.  124),  that  even  green 
plants  can  take  up  their  nitni^n  In  the  form  of  amides. 

But  we  must  not  overlook  the  fact  that  amides,  and  probably 
also  ammonia,  are  produced  in  the  plant  by  an  analytic  prrj- 
cess,  by  the  decomposition  of  proteid,  and  it  must  be  admitted 
that  they  may  be  formed  in  this  way  in  the  leaf.  The  condi* 
tions  which  determine  this  process  have  been  made  evident  by 
the  observations  of  Borodin.  He  found  that  no  asparagin 
could  be  detected  in  shoots  of  certain  plants  when  they  were 
growing  under  normal  conditions,  but  that  the  appearance  of 
asparagin  in  considerable  quantit}- could  be  induced  by  cutting 
off  the  shoots  and  keeping  them  for  some  time  in  the  dark. 
The  explanation  of  this  fact  is  doubtless  this,  that  the  proteids 
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in  the  shoots  uadefgo  decomposition,  asparagin  being  one  of  the 
products,  and  that  the  asparagin  accumulated  in  consequence 
of  the  absence  of  any  appropriate  non-nitrogenous  organic 
substance  with  which  it  could  combine  to  form  proteid. 

Taking  all  these  facts  into  consideration,  wc  miiy  con- 
clude that  these  amides  are  formed  both  synthelically  and 
analytically  in  the  leaves.  But  in  whatever  way  they  may  be 
formed,  they  are  used  in  the  construction  of  proteid :  hence 
their  presence  or  absence  depends  upon  the  supply  of  appro- 
priate non-nitrogenous  oiganic  substance ;  when  the  supply  is 
adequate,  no  trace  of  the  amides  can  be  detected,  when  it  is 
inadequate  they  begin  to  accumulate. 

The  synthesis  of  amides  with  non-nitrogenous  organic 
substance  to  form  proteid  is  not,  however,  confiiicd  to  the 
leaf:  probably  every  h'ving  plant-cell  is  capable  of  effecting  it 
It  has  been  found,  for  instance,  by  many  observers  that  tlie 
tissue  of  the  growing-point,  the  primary  menstem,  never  con- 
tains any  starch  or  sugar  or  asparagin,  although  these  substances 
are  abundantly  present  in  the  rest  of  the  plant  There  can 
be  no  doubt  that  proteid  is  being  formed  there  in  connexion 
with  the  production  of  new  cells.  The  only  explanation 
\  which  can  be  ofTered  is  that  the  asparagin  and  the  sugar  with 

which  these  cells  are  supplied  arc  rapidly  converted  into 
proteid.  We  shall  have  occasion  to  discuss  these  facts  in 
detail  in  a  subsequent  lecture. 

Strasburger  and  Schmiti  have  suggested,  as  already  mendoned  (p.  37), 
diat  the  nucleus  is  in  some  way  connected  with  the  fomiation  of  proteid 
in  the  cell.  This  suggestioa  is  based  upon  the  following  facts :  that  a 
Biicletis  has  been  found  to  be  present  in  the  living  cells  of  the  vast 
nugority  of  plants  1  that  it  is  the  last  structure  to  disappear  from  the  cdl 
when  its  death  is  approaching;  that  it  is  present  in  cells  which  never 
contain  starch,  and  is  therefore  not  directly  connected  with  the  production 
of  non-nittogenous  organic  substance ;  that  it  gives  very  marked  proteid 
leactionsit 

3.   T/i^  Function  of  Chlorophyll. 

We  have  seen  that  it  is  only  the  green  parts  of  plants  that 

arc  capable  of  absorbing  carbon  dioxide  and  of  exhaling 
oxygen ;  it  is  only  in  these,  then,  that  a  formation  of  organic 
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substance  de  novo  can  take  place  in  the  plant.  We  have  now 
to  ascertain  what  is  the  part  played  by  the  green  colouring* 
matter,  the  chlorophyll,  in  the  process. 

Carbon  dioxide  is  absorbed  and  oxvj^'cn  is  exhaled  by  some  plants 
and  parts  of  pi  mts  which  are  not  green,  such,  for  instance,  as  the  brown 
Algae  (Fucuicic.i;/,  the  red  Algae  (Floridea-).  and  the  leaves  of  the  Cojjper 
Beech.  Chlorophyll  is,  however,  present  m  all  these  cases,  but  the  green 
colour  is  not  perceptible  on  account  of  ilic  prc:>cncc  ui  other  colouring- 
matters. 

It  was  pointed  out  long  ago  by  Draper  that  the  chlorophyll-corpuscles 
of  etiolated  plants,  of  plants,  that  is,  which  have  grown  in  darkness,  can 
absoib  carbon  dioodde  and  exhale  oxygen  under  the  influence  of  light,  an 
observation  which  has  been  recently  confirmed  by  the  researches  of 
Engehnann.  These  corpuscles  are  not  gnsen,  but  ydlow;  they  contam  a 
colouring-matter  known  as  eHoUn,  which  is  doubtless  closely  allied  to 
chlorophyll  and  is  converted  into  chlorophyll  when  the  etiolin-corpusdes 
are  exposed  to  light.  It  appears  from  the  abo\  e-mentioned  observations 
that  etiolin  plays  the  same  part  in  relation  to  the  decomposiHon  of  carbon 
dioxide  as  chlorophyll :  and  Engelmann  is  of  opinion  that  this  is  true 
also  of  the  colouring-matters  of  the  AJgae  (phycoxanthin,  phycocyanin, 
phycoerythrin). 

In  the  simpler  unicellular  plants,  Haematococcus  for  ex- 
ample, the  chlorophyll  is  distributed  throughout  the  proto- 
plasm of  the  cell,  but  in  all  the  hii^hcr  forms  it  is  confined  to 
specialised  portions  of  the  protoplasm,  usually  somewhat  oval 
in  outline  and  discoid  or  lenticular  in  form,  the  chlorophyll- 
corpuscles  with  which  we  have  already  become  so  familiar.  In 
certain  Algae,  the  Conjugats,  a  group  to  which  the  Desmids 
and  Sphogyra  and  its  allies  belong,  these  chlorophyll-cofput- 
cles  are  imbedded  in  plates  of  green  protoplasm,  the  chhro- 
pliy/ I -bodies,  but  it  is  apparently  only  in  the  corpuscles  them- 
selves that  the  formation  of  starch  takes  place. 

We  may  begin  our  study  of  the  function  of  chlorophyll  by 
saying  that  the  absorption  of  carbon  dioxide,  the  evolution  of 
oxygen,  and  the  formation  of  new  organic  substance^  are 
effected  entirely  and  solely  by  chlorophyil-corpnsclesy  for  we 
may  be  permitted  to  regard  the  green  protoplasm  of  a  unicel- 
lular Alga  as  constituting  one  large  chlorophyll-corpuscle. 
These  processes  go  on  in  the  chlorophyll-corpuscle  quite  inde- 
pendently of  the  uncoloured  protoplasm  of  the  cell,  for  Engel- 
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mann  has  shewn,  by  an  extremely  inc^enious  method,  that 
isolated  chlorophyll-corpuscles  continue  for  a  long  time  to 
exhale  oxygen. 

We  will  now  study  the  structure  of  a  chlorophyll-corpuscle. 
If  a  cell  containing  chlorophyll-corpuscles  be  treated  with 
alcohol,  it  will  be  seen  that  the  corpuscles  soon  lose  their 
green  colour;  the  chlorophyll  is  in  fact  dissolved  out  of  them 
by  the  alcohol.  There  remains  a  colourless  corpuscle  which 
gives  the  reactions  of  proteid  substance^  and  is,  doubtless,  of  a 
protoplasmic  nature.  As  regards  the  mode  in  which  the 
chlorophyll  and  the  protoplasm  arc  connected  together,  our 
only  information  is  afforded  by  the  observations  of  Pringsheim. 
He  has  found  that  if  chlorophyll-corpuscles  be  treated  with 
dilute  acids  or  be  exposed  to  the  action  of  steam,  the  chloro- 


Fig.  aa  (after  Pringshdbn).  Cell  from  a  leaf  of  Vallisneria  spiralis  which  had 
been  macemtcd  in  dflute  hydrochloric  acid  for  six  days,  and  then  expoted  for 
•one  hoait  to  the  tction  of  steam.  The  chlorophyll  of  the  coipusdes  has 
collected  into  drops  at  the  surftoe,  leaving  the  corpuscles  coloarless.  The 
cofpnsclcs  are  seen  to  present  a  spongy  or  porous  structure. 

phyll  will  exude  from  the  corpuscles  in  viscid  drops,  leaving 
the  corpuscles  colourless.  A  colourless  corpuscle  obtained  in 
this  way  presents  a  spongy  or.  trabecular  structure,  the  now 
empty  spaces  between  the  trabecule  having  been  previously 
occupied  by  the  chlorophyll  (Fig.  22).  We  learn  from  this  that 
the  chlorophyll  is  not  actually  combined  with  the  protoplasm, 
but  that  it  is  retained  mechanically  within  it;  and  further,  that 
the  chlorophyll  is  in  solution,  most  probably  in  some  kind  of  oil. 
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In  the  constdefation  of  the  chemical  composition  of  chlo* 
rophyll  the  first  point  is  as  to  whether  chlorophyll  is  a  distinct 

substance  or  a  mixture  of  two  or  more  colouring-matters. 
Without  going  into  the  very^  extensive  h'teraturcof  the  subject, 
it  may  just  be  pointed  out  that  both  these  views  have  found 
supporters.  Thus  Frt^my,  Stokes,  Sorby,  and  others,  state  that 
it  consists  of  a  mixture  of  one  or  more  blue  with  one  or  more 
yellow  colouring-matters,  whereas  Konrad,  Pringsheim,  and 
others,  regard  it  as  a  definite  chemical  substance.  It  is  true 
that  an  alcoholic  extract  of  leaves  contains  colouring-matters 
which  are  not  green,  but  there  is  no  evidence  to  prove  that 
these  belong  directly  to  the  green  colouring-matter.  They 
are  present  in  the  chlorophyll-corpuscles  in  adciition  to  the 
chlorophyll  itself,  and,  as  we  shall  see  hereafter,  are  probably 
either  substances  from  which  chlorophyll  is  iormed  or  products 
of  its  chemical  alteration. 

Our  knowledge  of  the  probable  chemical  composition  of 
chlorophyll  has  been  considerably  extended  of  late  years  by 
the  researches  of  Gautier  and  of  Hoppe-Seyler.  Both  these 
observers  have  succeeded  in  obtaining  crystals  of  a  green  sub- 
sUiicc  by  evaporating  to  dryness  the  alcoholic  extract  of 
green  leaves,  but  this  substance  is  probably  not  pure  chloro- 
phyll, for,  as  the  following  table  of  analyses  will  shew,  the 
crystals  contain  a  considerable  percentage  of  ash.  Hoppe- 
Seyler  has,  in  fact,  termed  the  substance  chloropi^Uan  in 
order  to  emphasize  this  point  Analysis  of  the  substance  has 
given  the  following  results: 


Gaulicr. 

Hoppc-Scykr. 
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73*97 

7334 

9*8o 

972 

N. 

4*15 

5*68 

0. 

io'33 

9-54 

Ash 

175 

P.  1*38 

Mg.  o'34 

lOO'OO 

It  is  of  interest  to  note  that  iron  was  not  found  to  be 
present,  although,  as  we  learned  in  a  previous  lecture,  a  supply 
of  iron  is  essential  to  the  formation  of  chlorophyll  in  the  plant 
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From  the  percentage  compositioii  of  the  crystals  Gautier  deduces  the 
formula  CitHuNgO^  and  draws  attention  to  its  resemblance  to  that  of 
Bflirabin  (Ct|HitN,0|)i  Hoppe-Seyler  finds  that  when  his  chlorophyllan 
is  boiled  widi  alcoholic  solution  of  potash,  cholio,  glycerin-phosphoric 
add,  an  add  which  he  tenns  cUoiophyilanic  acid,  and  pos^bly  also  some 
fttty  acids  are  produced.  He  concludes  that  chlorophyllan  contains 
piiosphoffus  in  its  molecule,  and  is  either  a  ledthin  or  a  lecithin<om> 
pound* 

Now  as  to  its  physical  properties.  We  have  seen  that  it 
is  nulublc  in  alcohol,  and  it  is  likewise  soluble  in  ether,  benzol, 
carbon  disulphide,  and  in  various  oils.  A  solution  of  chloro- 
phyll possesses  the  property  oi fluorescence,  so  that  when  it  is 
viewed  in  reflected  light  it  appears  opaque  and  of  a  deep  lake- 
red  colour;  the  light  transmitted  through  a  thin  layer  is  green. 
If  the  l%ht  which  has  passed  through  a  layer  of  a  moderately 
strong  solution  be  examined  with  the  spectroscope,  a  charac- 
teristic  absorption-spectrum  will  be  observed.  Beginning  at 
the  red  end  of  the  spectrum  (see  Plate,  Fig.  I,/)  a  well- 
marked  dark  band  uill  be  seen  between  Frauenhofcr's  lines 
B  and  C  extending  rather  beyond  C,  a  second  dark  band  in 
the  orange  between  C  and  D,  a  third  very  faint  hand  at  the 
junction  of  the  yellow  and  green,  and  a  fourth  more  distinct 
band  in  the  green  near  the  line  £;  the  whole  of  the  blue  end 
of  the  spectrum  b^ond  the  line  F  is  absorbed.  The  absorp* 
tion  of  the  whole  of  the  blue  end  of  the  spectrum  is  due  to  the 
coalescence  of  three  bands  which  can  be  seen  separately  when 
very  dilute  chlorophyll  solutions  are  used  H^iate,  Fig.  i  c)^ 
two  in  the  blue  between  the  lines  F  and  G,  and  one  at  the  end 
of  the  violet  The  al»orption-spectrum  of  chlorophyll  pre* 
seats  then  seven  absorption-bands. 

The  figure  of  the  chlorophyll- spectrum  in  the  Plate  is  due  to  Prings- 
heim,  who  has  devised  an  ingenious  method  for  observing  the  spectrum. 
Instead  of  using  s<^utioiis  of  different  degrees  of  concentration  he  employs 
diffefait  thicknestes  of  a  dihite  tohitioii.  The  niiroberi  at  die  left-hand 
tide  of  the  figure  hidicate  the  thickness  in  millimetres  of  the  layer 
exunincd:  thus  in  a  the  thickness  of  the  Uyer  was  lomilUmetreSy  and  so  on. 

It  may  be  added,  with  regard  to  the  fluorescence  of  chlorophyll,  that 
when  the  Ugbt  reflected  from  a  solution  is  examined  with  the  spectro- 
scope^ it  is  found  to  he  aU  red,  the  red  being  most  intense  in  the  positions 
conresponding  to  the  absorptioa-haads  of  the  chlorophyllffpectnmL 
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The  views  which  have  been  held  as  to  the  probable  rela- 
tion between  the  presence  of  chlorophyll  and  the  formation  of 

non-nitrop^enous  organic  substance  in  the  plant  are  so  numer- 
ous, that  it  will  be  possible  only  to  mention  the  more  impor- 
tant of  them  here.  The  first  to  be  considered,  which  we  may 
term  the  chemical  theor)-  and  of  which  Sachssc  is  the  prin- 
cipal exponent,  is  that  chlorophyll  is  actually  converted  into 
starch,  that  it  Is  a  substance  intermediate  between  carbon 
dioxide  and  water  on  the  one  hand,  and  starch  on  the  other. 
The  reasoning  upon  which  this  theory  is  based  is  very  compli* 
cated  and  abstruse,  and  cannot  be  regarded  as  conclusive; 
besides,  it  is  contradicted  by  Sachs'  observation  that  etiolated 
plants  turn  green  when  exposed  to  a  li^ht  in  an  atmosphere 
which  contains  no  carbon  dioxide,  that  is,  that  chlorophyll  is 
formed  under  circumstances  which  render  impossible  the 
decomposition  of  carbon  dioxide.  Then  there  is  what  we 
may  term  the  physical  theory  which  seeks  to  connect  the 
function  of  chlorophyll  with  its  absorption-spectrum.  This 
theory  is  held  from  two  exactly  opposite  points  of  view. 
Lommel  and  N.  J.  C.  Miitler  argue  that,  according  to  the 
principle  of  the  conservation  of  energy,  the  rays  of  light  which 
are  absorbed  by  chlorophyll,  that  is,  more  especially  the  red 
and  the  blue,  must  be  converted  into  some  otlier  form  of 
energy,  and  they  conclude  that  these  rays  supply  the  energy 
necessaiy  for  the  decomposition  of  carbon  dioxide  and  water. 
The  correctness  of  this  view  is  confirmed  by  TimiriazefT  and 
by  Engelmann  who  find  that  the  decomposition  of  carbon 
dioxide  by  green  plants  is  most  active  in  those  parts  of  the 
solar  spectrum  which  correspond  to  the  more  conspicuous 
absorption-bands  of  the  chlorophyll-spectrum.  It  has  indeed 
been  found  by  Draper  and  by  I'fefTer,  that  the  most  active  de- 
composition  of  carbon  dioxide  takes  place  when  green  plants 
are  exposed  to  yellow  light,  that  is,  to  rays  of  the  spectrum 
which  are  not  absorbed  by  chlorophyll:  but  this  result  is  not 
contradictory  of  those  mentioned  above ;  the  discordance  Is 
due  simply  to  physical  conditions  which  will  be  discussed 
hereafter  in  connexion  with  the  action  of  light  It  appears, 
then,  that  the  rays  absorbed  by  chlorophyll  are  those  which 
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are  active  in  the  decomposition  of  carbon  dioxide.  The 
other  view  is  that  taken  by  Fringsheim.  He  urges  that 
the  nys  absorbed  by  chlorophyll  are  not  active  in  the 
decomposition  of  carbon  dioxide,  but  that  still  the  absorp- 
tion must  have  some  physiolc^cal  significance,  and  he  con- 
siders this  to  be  that  the  rays  absorbed  are  such  as  would 
interfere  with  the  synthetic  piucesses;  that  the  chlorophyll 
acts  as  a  kind  of  filter  to  the  rays  of  light  which  fall  upon  the 
plant,  allowing  those  to  pass  which  promote  the  synthetic 
processes  and  absorbing  those  which  would  be  prejudicial  to 
them.  As  wc  shall  discuss  tiiis  view  in  a  subsequent  lecture, 
it  wiU  suffice  for  the  pfeaent  to  say  that  there  is  no  evidence 
to  prove  that  the  rays  absorbed  by  chlorophyll  have  any  effect 
in  diminishing  the  decomposition  of  carbon  dioxide.  It  has 
been  further  suggested  that  chlorophyll  combines  with  and 
fixes  carbon  dioxide  just  as  the  haemoglobin  of  the  blood 
oombioes  with  and  fixes  oxygen.  But  experiments  made 
virith  various  solutions  of  chlorophyll  shew  that  this  is  not 
the  case ;  still,  it  is  possible  that  what  the  chlorophyll  cannot 
do  when  extracted  in  solution  it  may  be  able  to  do  when 
it  is  in  the  living  chlorophyll-corpuscle. 

Of  these  various  views,  the  one  which  is  most  strongly 
supported  by  experimental  evidence  is  that  of  Lommel.  and 
it  is  therefore  this  one  that  we  shall  accept  The  function  of 
chlorophyll  may,  then,  be  briefly  stated  as  follows ;  that  it 
absorbs  certain  rays  of  light,  and  thus  enables  the  protoplasm 
with  which  it  is  intimately  connected  to  avail  itself  of  the 
radiant  energy  of  the  sun's  rays  for  the  construction  of 
organic  substance  from  carbon  dioxide  and  water. 

4.    T/i£  Action  of  LigJu. 

Attention  has  been  repeatedly  drawn  both  in  this  and  in 
previous  lectures  to  the  fact  that  the  absorption  of  carbon 

dioxide  and  the  evolution  of  oxygen,  in  other  words,  the 
formation  of  organic  from  inorganic  substance,  can  only  be 
effected  by  green  plants  when  they  are  exposed  to  light 
This  subject  will  not  be  entered  upon  at  present  \  it  will  be 
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more  convenient  to  consider  it  when  we  are  in  a  pubition  to 
discuss  the  whole  question  of  the  relation  of  the  metabolism 
of  plants  to  external  conditions  (Lect.  xill.). 


We  may  consider,  in  conclusion,  the  formation  of  oigaaic 
substance  by  the  plant  in  its  more  general  aspect   We  have 

found  thai  the  construcLu  c  metabolism  of  the  green  plant, 
like  that  of  all  living  organisms,  has,  as  its  end,  the  formation 
of  the  extremely  complex  substance  which  we  have  termed 
protoplasm ;  this  is  destined  to  undeigo  decomposition  into 
simpler  substances,  some  of  which  are  and  some  are  not  of 
use  to  the  plant,  the  decomposition  being  accompanied  by 
the  setting-free  of  energy  in  the  plant  We  have  seen  that  the 
materials  which  a  green  plant  has  at  its  disposal  for  this  pur- 
pose are  of  very  simple  composition,  carbon  dioxide,  water,  and 
salts  containing  nitrogen  and  sulpliur.  The  steps  of  the  pro- 
cess we  have  traced  as  closely  as  our  information  will  allow; 
the  first  is  probably  the  formation  of  comparatively  simple 
substances  containing  C,  H,  and  ,0  (perhaps  formic  alde- 
hyde and  its  polymers) ;  then  the  formation  of  more  complex 
substances  containing  N  in  addition  (asparagin,  ieucin,  etc.); 
and  finally,  by  UirLher  synthesis,  of  still  more  complex 
substances  (proteids).  We  have  found  that  the  starch  which 
makes  its  appearance  in  the  chlorophyll-corpuscles  when 
constructive  metabolism  is  in  active  operation,  is  not  the  first 
product  of  the  synthetic  processes,  but  only  an  indirect 
product :  protoplasm  is  the  substance  which  is  formed  in  the 
chlorophyll-corpuscles,  and  it  is  only  in  consequence  of  the 
decomposition  of  the  protoplasm  lormed  that  starch  is  pro- 
duced. We  will  consider  the  nature  of  this  decomposition  in 
detail  in  a  subsequent  lecture. 

We  may  enquire,  too,  if  the  constructive  metabolism 
is  equally  energetic  in  all  green  plants.  We  should  be 
inclined  to  say  a  priori  that  this  is  not  the  case,  a  decision 
which  is  confirmed  by  Weber's  comparative  observations  on 
the  leaves  of  certain  plants.  He  dclcninr.ed  ihc  aiiiuuiit  of 
organic  substance  formed  in  10  hours  by  one  square  metre  of 
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the  loaves  of  the  following  planu  under  as  nearly  as  possible 
the  same  conditions.   The  following  are  his  results : 

Tyofiaabim  majus   ,  4*466  gnminet. 

Phastoius  MulHJhrm  3*21$  » 

Ricinus  commmmis  •  •  5*292  ^ 
HiUatUkms  anmnts  .  5*559  « 

We  are  now  in  a  position  to  compare  the  conslractivc 
capacity  of  plants  which  contain  chlorophyll,  of  plants  which 
do  not  contain  chlorophyll,  and  of  animals.  The  first  of  the 
aeries  of  synthetic  processes  which  we  have  traced  above,  the 
formation  of  non-nitrogenous  organic  substance  from  carbon 
dioxide  and  water,  can  only  be  effected  by  oiganisms  (animab 
as  well  as  plants,  according  to  the  observations  of  Geddes) 
whicli  coiitaiii  chlorophyll,  and  with  this  we  must  correlate  tlie 
production  of  starch.  The  second  process,  the  formation  of 
proteid  from  organic  non-nitrogenous  carbcHi-compounds  and 
inorganic  salts  containing  nitrogen  and  sulphur,  can,  appa- 
rently, be  performed  by  all  plants  alike,  but  it  cannot,  so  lar 
as  we  know,  be  performed  by  animals,  excepting,  possibly, 
those  which  contain  chlorophyll  Stating  the  case  in  the  most 
general  terms,  we  may  say  that  whereas  a  plant  is  nourished 
when  nitrogen  is  supplied  to  it  in  the  form  of  inorganic  salts, 
an  animal  can  only  assimilate  nitrogen  in  the  form  of  proteid. 

The  last  of  all  the  processes  of  constructive  metabolism 
yet  remains  to  be  considered,  the  conversion  of  dead  unor- 
ganised proteid  into  living  oiganised  protoplasm.  This  must 
take  place  in  eveiy  cell  so  long  as  it  is  living,  and  it  must 
necessarily  accompany  the  formation  of  new  cells.  But  little 
can  be  said  as  to  the  nature  of  this  process,  for  our  knowlcd^^e 
of  the  differences  between  dead  proteid  and  livin^^  protoplasm 
is  very  slight  We  are  indeed  acquainted  with  certain  facts ; 
we  know,  for  instance,  that  the  primordial  utricle  of  dead  cells 
readily  allows  of  the  passage  into  it  and  through  it  of  sub- 
stances which  could  not  enter  or  pass  through  it  in  life  (p.  44); 
that  the  interchange  of  gases  between  the  cell  and  the 
atiiK'^phere  which  goes  on  su  acUvcl)  during  life,  and  w  hich  is 
the  expression  of  unceasing  chemical  combination  and  decom- 
position, is  arrested ;  that  the  evolution  of  energy  in  the  form 
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of  heat,  motion,  or  otherwise,  does  not  take  place :  but  these 
facts  afford  us  but  little  insight  We  may  admit  that  during 
life  the  atoms  In  the  molecule  of  protoplasm  are  in  active 

vibratory  movement,  whereas  m  death  this  nK>vement  is 
arrested,  but  this  does  nut  tcil  us  what  is  the  essential  differ- 
ence between  dead  proteid  and  h'ving  protoplasm.  Though 
it  be  granted  that  in  the  latter  there  is  this  active  intra- 
molecular movement,  and  that  in  the  former  it  is  absent,  the 
question  still  remains  why  this  is  the  case.  The  only  kind 
of  answer  which  has  been  offered  is  that  there  is  a  chemical 
difference  between  the  molecule  of  dead  proteid  and  that  of 
living  protojilasm.  It  is  generally  held  that  the  mulccule  of 
Hving  protoplasm  is  a  very  large,  complex,  and  unstable  one, 
and  that  proteid  is  only  one  of  many  products  resulting  from 
its  decomposition ;  the  conversion  of  dead  proteid  into  living 
protoplasm  would,  according  to  this  view,  involve  the  building- 
up  of  the  complex  protoplasmic  molecule  from  the  simpler 
proteid  molecule.  But  whatever  the  vlei^  which  may  be  ac- 
cepted as  to  the  nature  of  the  protoplasm-molecule^  the  dif- 
ference in  the  properties  of  living  protoplasm  and  of  dead 
proteid  is  probably  to  be  ascribed  to  a  difference  of  molecular  . 
structure.  Pfliiger  conceives  it  to  be  this,  that  in  dead  piutcid 
the  nitrogen  is  present  in  the  form  of  ammonia,  whereas  in 
livmg  protoplasm  it  is  in  the  form  of  cyanogen.  Loew  and 
Hokorny,  assuming  that  in  the  molecule  of  proteid  a  number  of 
aldehyde-groups  are  present,  consider  that  in  living  protoplasm 
the  atoms  in  these  groups  are  in  active  movement,  whereas 
in  dead  proteid  they  are  not,  In  consequence  of  the  altered 
relation  of  the  aldehyde-groups  to  the  amide-groups  in  the 
molecule.  But  these  are  after  all  mere  hypotheses  ;  we  cannot 
consider  that  the  secret  of  life  has  been  discovered  as  yet. 
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2.  Tke  Fortnaihn  of  NUrogawus  Orgamc  Suhstanet, 

Emmerling  ;  Landw.  VefSttchsstat,  XXIV. 

Holzner  ;  Flora,  1 867. 

Loew  und  Bokomy  ;  Die  chem.  Ursache  des  Lebeost  iSSi. 
Pott ;  Unters.  ueb.  die  Stofivertbeilung,  Jena,  1876. 
Biltz;  Ann.  Chem.  Pharm.,  XXI.,  1834. 
Kcllner  ;  Landw.  Jahrb.,  viii.  (suppL),  1879. 
Borodin;  Bot.  Zeitg.,  1878. 

Hosa!us  ;  Jahresber.  Qeb.  Agricultur-Chemie,  1865. 

3.  Th4  FuHciion  of  Chlorophyll. 

Draper  ;  Scientific  Memoirs,  1878. 
Kngclmann  ;  Bot.  Zeitg.,  1882  and  1883. 
Konrad ;  Flora,  1872. 

Pringsheim ;  Monatsber.  d.  k.  Akad  su  Berlin,  1874. 

Gautier  ;  Comptes  Rcndu^,  1879. 

Hoppe-Seylci  ;  Her.  d.  deut.  chem.  Ges.,  1879 :  Zeitschr.  f.  physioL 

Chemie.  iu.  iv.  v.,  1879 — i^^'- 
Sachsse ;  Chem.  der  FarbstofTe,  etc.,  1877 ;  PhytoclienL  Unters.,  i., 

1880. 

Sachs;  see  Hansen,  in  Arb.  d.  hot  In  r  in  Wiinburg,  II.,  1882. 

Lommel ;  Poggendorff  Ann.,  vol.  143,  1671. 

Miiller ;  Bot.  Unters.,  i.,  Heidelberg,  1871. 

TuniriazefT ;  Ann.  de  Chim.  ct  dc  Phys.,  s<tx.  5,  XII.,  1877. 

Pfefier;  Arb.  d.  bot.  Inst  in  VVurzburg,  i.,  1874. 


Weber  ;  Arb.  d.  bot  Inst  in  Wiirzbuig,  ii.,  1879* 

Gcddcs  ;  Comptes  rendus,  LXXXVII.,  1878. 

Prtugcr  ;  Archiv.,  x.,  1875. 

Loew  and  Bokorny  ;  Pdiiger  s  Archiv.,  xxv.,  1881. 
V.  II 
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HLTABOLISM  {continued), 

5.    The  Distribuiian  of  Organic  Substance  thrcugkmt  the 

Plant. 

In  the  last  lecture  we  studied  the  processes  by  which  the 
formation  of  oiiganic  substance  is  effected  in  the  plant,  and  we 
found  that  in  highly  organised  plants  the  leaves  are  the  organs 
in  which  these  processes  especially  take  place.  We  will  nqw 
proceed  to  ascertain  in  what  forms  and  by  what  means  the 
organic  substance  thus  produced  is  distributed  throughout 
tlie  plant,  either  to  serve  as  plastic  material  for  the  building 
up  of  the  structuie  uf  the  plant,  or  to  be  deposited  as  reserve" 
fnaterial  in  some  part  of  it. 

Our  knowledge  on  this  subject  depends  principally  upon 
the  results  of  micro-chemical  investigation,  that  is»  upon  the 
detection  of  the  various  substances  in  the  cells  under  the 
microscope  by  means  of  appropriate  reagents.  It  is  extremely 
important  to  bear  in  mind,  in  the  consideration  of  the  results 
ubiaiiicd  by  this  method,  that  although  it  may  not  be  possible 
to  detect  the  presence  of  any  given  substance  in  the  cells  of 
an  organ,  we  must  not  conclude  that  this  substance  is  there- 
fore not  being  formed  there.  The  presence  of  a  substance  in 
the  cells  of  an  organ  depends  upon  this  condition,  namely, 
that  the  amount  of  the  substance  conveyed  to  or  formed  in 
the  cells  is  greater  than  the  amount  which  is  being  conveyed 
away  from  or  consumed  in  the  cells.   If  these  two  amounts 
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are  equal,  then  it  will  be  impossible  to  detect  the  substance 
by  micro-chemical  methods,  although  the  production  of  it 

may  be  actively  proceeding.  It  is  in  many  cases  possible  so 
to  alter  the  conditions  under  which  an  organ  is  placed  as  to 
disturb  the  relation  between  supply  and  demand  (as  we  sec  in 
Borodin's  experiments  mentioned  in  the  last  lecture)  and  thus 
to  bring  about  the  accumulation  of  substances  which  cannot 
be  detected  in  it  micro-chemically  under  normal  conditions. 
All  that  we  can  detect  by  micro-chemical  methods  is  then 
the  excess  of  plastic  material  in  the  cell,  and  this  we  may 
r^;ard  as  temporary  reserve-material. 

With  this  preliminary  caution  in  our  minds,  we  will  discuss 
first  the  distribution  of  the  non-nitrogenous  organic  substance 
formed  by  the  leaves.  This  we  have  found  to  be  starch,  in 
the  vast  majority  of  cases,  and  wc  have  seen  that  it  is  de- 
posited in  the  chlorophyll-corpuscles  in  the  form  of  r^rains. 
The  proof  that  this  starch  is  conveyed  away  from  the  leaves 
is  afforded  by  the  observation  of  Sachs  that  if  a  leaf  which 
contains  starch  abundantly  in  its  chlorophyll-corpuscles  be 
placed  in  the  dark  for  some  hours  the  starch-grains  will  be 
found  to  have  disappeared,  and  by  those  of  Godlewski,  Pfeffer, 
and  Morgen,  that  the  starch-grains  disappear  from  the  chloro- 
phyll-corpuscles of  a  leaf  when  it  is  exposed  to  light  in  an 
atmosphere  containing  no  carbon  dioxide.  We  learn,  then, 
that  if  chlorophyll-corpuscles  be  placed  under  conditions 
which  prevent  the  continued  formation  of  starch,  no  trace  of 
starch  will  usually  be  detected  in  them.  It  is  obvious  that  the 
starch-grains  cannot  be  bodily  conveyed  as  such  from  one  cell 
to  another  inasmuch  as  the  walls  of  the  mesophyll-cells,  so  far 
as  we  know  at  present,  are  closed  membranes;  and  even  ad- 
mitting, as  was  mentioned  in  a  previous  lecture  (p.  23)  that 
the  protoplasm  of  adjacent  cells  may  possibly  be  continuous 
through  pores  in  the  cell-wall,  still  the  size  of  the  starch-grains 
is  too  great  to  allow  of  their  passing  through  these  pores. 
The  suggestion  naturally  occurs  that  the  starch  must  pass 
from  cell  to  cell  in  solution,  and  that,  since  it  is  practically 
insoluble  In  water,  it  must  be  converted  into  some  substance 
which  is  soluble.    There  are  reasons  for  believing  that  this 
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substance  ts  sugar.   By  the  researches  of  Kossmann  and  of 

Baranctzky  it  has  been  ascertained  that  leaves  and  shoots 
contain  a  substance,  an  unorganised  ferment,  which  possesses 
the  property  of  converting  starch  into  sugar,  and  Sachs  has 
found  that  sugar  is  very  commonly  present  in  the  parenchyma 
surrounding  the  veins,  more  especially  the  midrib,  of  leaves. 
It  might  be  expected  that  sugar  would  be  found  to  be  present 
in  the  mesophyll-ceUs  themselves  so  long  as  they  contain  any 
starch ;  but  this  is  not  the  case.  De  Vries,  who  has  minutely 
studied  the  distribution  of  sugar  in  various  plants,  has  failed 
to  find  it  in  the  mcsophyll  in  the  cases  which  he  has  investi- 
gated. But,  according  to  the  principle  laid  down  at  the  out- 
set, we  cannot  conclude  from  this  that  sugar  is  not  fonned:  the 
more  probable  explanation  of  the  facts  is  that  the  sugar  is 
formed  and  is  rapidly  conveyed  away  from  the  mesophyll  to 
the  parenchyma  around  the  veins,  where,  as  we  have  seen,  it 

■ 

can  be  readily  delected. 

I  have  found  that  if  a  leaf  be  removed  from  the  plant  and  be  kept  for 
flome  hours  in  a  moist  atmosphere,  in  the  light  or  in  the  dark,  sugar  can 

be  readily  detected  in  its  mesophyU^^eUs,  although  no  trace  could  be 
found  at  the  beginning  of  the  experiment.  The  accumolation  of  sugar  in 
the  leaf  is  evidently  due  to  the  isolation  of  the  leaf,  the  sugar  fonned  in  it 
being  no  longer  conveyed  away  to  other  parts  of  the  plant 

With  regard  to  the  nitrogenous  plastic  substances  formed 
in  the  1ea\  es,  we  have  seen  that  these  are  amides  and  pn>> 
tesds.  If  the  proteids  are  to  be  conveyed  away  from  the 
leaves^  they  must,  like  the  starch,  be  converted  into  sub- 
stances which  are  diffusible.  They  may  possibly  be  con- 
verted into  peptone:  as  a  matter  of  fact  traces  of  pejitone 
have  been  detected  in  leaves  and  shoots  (Kern),  and  from 
the  researches  of  Schulze  and  Barbieri  it  appears  probable 
that  these  organs  contain  a  ferment  which  can  con\  ert  proteid 
into  peptone.  The  information  on  this  point  is,  however, 
veiy  incomplete.  But  it  is  probable  in  any  case  that  the 
changes  do  not  stop  here.  The  peptones  are  substances 
which,  according  to  the  most  recent  investigations,  do  not 
very  readily  diffuse  through  membranes.  If,  then,  it  is  in 
the  form  of  peptone  that  nitrogenous  organic  substance 
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travels  from  the  leaves  we  should  expect  to  find  peptone 
in  leaves  more  commonly  and  in  larger  quantity  than  is 
actually  the  case.  On  the  other  hand  we  have  seen  that 
ciystallisable  nitrogenous  oigantc  substances,  amides,  have 
been  found  in  the  leaves  of  various  plants  and  in  considerable 
quantity.  We  may  infer  that  the  proteid  which'  is  formed  in 
the  leaf  is  decomposed,  and  that  these  amides  are  some  of  the 
products  of  the  decomposition.  These  substances  diffuse 
readily,  and,  if  we  neglect  the  possibility  of  the  direct  conduc- 
tion of  proteid  by  means  of  the  communicating  protoplasm  of 
adjoining  cells,  it  is  in  the  form  of  these  substances  that  nitro- 
genous oiganic  substance  is  distributed  throughout  the  plant. 

Without  entering  at  present  into  detail  regarding  the 
chemistry  of  the  changes  which  the  organic  substances  formed 
in  the  leaf  undergo  as  a  preliminary  to  their  distribution 
throughout  the  plant,  we  will  jjtoi  ced  to  nsrcrtain  what  is  the 
mode  of  their  distribution  and  what  are  the  tissues  in  which 
they  travel.  Their  distribution  takes  place  according  to  the 
same  principle  as  that  of  the  substances  absorbed  from  with- 
out by  the  roots :  they  travel  to  those  parts  of  the  plant  in 
which  a  chemical  alteration  of  them  is  going  on,  either  to  the 
growing-points,  at  which  new  branches  and  leaves  are  being 
formed  and  material  is  required  for  the  formation  of  proto- 
plasm and  cell-wall,  or  to  organs  which  serve  as  depositories 
of  reserve-materials  such  as  buds,  bulbs,  roots^  tubers^  etc.,  in 
which  both  nitrogenous  and  non-nitrogenous  substances  are 
being  stored  up  for  the  use  of  the  plant  at  the  commencement 
of  its  next  period  of  growth,  or  seeds  or. spores,  in  which 
similar  provision  is  being  made  for  the  nutrition  of  the  young 
plant  to  be  developed  from  them  during  the  early  stages  of 
its  growth.  They  travel  either  in  the  parenchymatous  tissues 
by  osmosis  from  cell  to  cell ;  or  in  continuous  vessels  the 
sieve^tubes  and  the  laHciferous  ceUs  and  vesuls,  by  diffusion,  • 
their  movement  in  these  vessels  being  promoted  by  the  sway- 
ing to  and  fro  of  the  subaerial  parts  of  the  plant  under  the 
influence  of  the  wind. 

It  has  been  observed  that  the  sieve-tubes  of  many  phuto  (Vine^  lime, 
Poplar,  Waliittt)  cease  to  be  continuous  vessels  during  the  winteir  in  con- 
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sequence  of  the  iUling-up  of  the  pores  of  the  sieve-filate  by  a  fonnatioa  of 
callus  in  the  autumn.  In  the  spring  the  callus  is  absorbed  and  the  con- 
tinuity  restored  (De  Baiy,  Janoewskt). 

From  the  researches  of  Sachs  and  others  it  appears  that 
the  sugar  and  the  amides  travel  in  the  parenchymatous  tissues, 
and  Sachs  observed  that  these  tissues  have  an  acid  reaction. 
But  the  conduction  of  these  substances  is,  generally  speaking, 
not  direct:  it  is  frequently  interrupted  by  their  conversion  into 
an  insoluble  or  at  least  an  indtfiustble  form  at  some  interme- 
diate stage  in  their  journey.  For  instance,  there  is  in  the 
petioles  and  stems  of  many  of  the  higher  plants  a  layer  (seen 
in  transverse  section)  of  parenchymatous  cells  near  the 
periphery  of  the  ring  of  fibrovascular  bundles  or  of  each 
fibrovascular  bundle,  in  which,  so  long  as  the  plant  contains 
any  excess  of  non-nitrogenous  organic  substance,  starch<grains 
are  to  be  found.  On  account  of  the  constant  occurrence  of 
starch  in  its  cells,  this  layer  has  been  termed  the  starck-laytr. 
But  a  temporary  deposit  of  starch  may  take  place  in  other 
cells  as  well.  Thus  Briosi  has  observed  the  presence  of 
starch-grains  in  sieve-tubes,  they  are  present  also  in  laticife- 
rous  tissue,  and  they  may  be  found  throughout  the  parenchy- 
matous tissue.  A^ain,  drops  of  oil  are  frequently  to  be 
found,  especially  in  the  laticifcrous  tissue,  and  even  in  the 
chlorophyll'Corpuscles  themselves ;  these  too  may  be  re- 
garded as  transitory  reserve-materials.  Finally,  the  sieve- 
tubes  and  the  laticiferous  tissue  contain  proteids,  for  the  most 
part  unoiganised  and  indiifusible,  for,  in  the  sieve-tubes  at 
least,  they  are  soluble  in  dilute  potash  solution  but  not  in 
u  alcr,  UicMj  piutcius  are  probably  to  be  rcc^ardcd  as  tempo- 
rary reserve  materials.  Inasmuch  as  the  sieve-tubes  and  also 
the  laticiferous  cells  and  vessels  are  continuous  throughout 
the  plant,  tlie  contained  proteids  can  travel  in  them  as  such 
from  one  part  of  the  plant  to  the  other;  but  doubtless  their 
distribution  to  the  tissues  involves  a  conversion  into  a  diffusible 
form,  for  it  has  been  found  that  the  latex  of  certain  plants  is 
rich  in  proteolytic  ferment  It  is  worthy  of  note  that  Sachs 
found  the  contents  of  the  sieve-tubes  to  have  an  alkaline 
reaction. 
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Fig.  13  (after  Hanstein).  Part  of  a  sieve  tube  (from  the  Hop)  shewing  a  sieve- 
plate.  The  central  granular  portion  is  the  protoplasmic  content  of  the  tube; 
the  shaded  portion  around  this  is  the  cell-wall  swollen  by  treatment  with 
potash.  The  dark  lines  traversing  the  sieve-plate  represent  protoplasmic 
filaments. 


Fig.  14  (after  Dippel).    /t.  Part  of  a  laticiferous  cell  from  Euphorbia  splmdais: 
in  the  latex  the  peculiar  rod-shaped  starch-granules  are  to  be  seen. 
Laticiferous  vessels  from  the  root  of  Cichorium  Intybtts. 

The  fluid  contained  in  the  laticiferous  tissue  is  termed  lattx.  It  is  a 
watery  fluid  holding  protcids,  carbohydrates,  and  mineral  matters  in 
solution.    It  is  frequently  milky  in  consequence  of  the  presence  of  fats 
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and  waste-products,  such  as  resins  and  caoutchouc,  which  form  an  emul- 
sion. It  has  been  observed  in  some  cases  that  the  latex  coagulates  spon- 
taneously. 

Wdsi  and  Wiesaer  found  the  foUowing  substances  in  the  latex  of 
JSm^firdia  platyphythst 

Undissolved  proteid  and  starch        ax»  per  ccnt« 

Dissolved  proteid  and  carbohydrate  0*51  „ 

f'i^t  I '33  » 

Sugar  and  extractives  6  4 1  „ 

Gum  2'i5  M 

Resin  8*13  ^ 

Ash  1*51  ^ 

The  statements  made  above  as  to  the  tissues  in  which 
ofganic  substances  travel  from  one  part  of  the  plant  to  another 


Fig.  35  (after  Sachs).  A  twi  -  \v'iich  had  l)con  kept  standing  in  water  after  the 
removnl  of  a  ring  of  cort  ical  t  i^suc.  level  of  th^  water ;  /*,  twelUng  formed 
at  the  upper  loargin  of  the  annulatiou :  W  root*. 
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are  well  illustrated  by  experiments  in  which  layers  of  tissue 
are  removed.  Thus  Knight  observed  that  when  a  ring  of 
cortical  tissue  down  to  the  wood  was  removed  from  the  stem 
of  a  dicotyledonous  tree  below  the  leaves,  the  part  of  the  stem 
below  the  incision  scarcely  grew  at  all,  whereas  the  part  of  the 
stem  above  the  incision  grew  normally;  again  Hanstein  found 
that  if  a  ring  of  cortical  tissue  be  removed  from  a  detached 
branch  of  a  tree  of  this  kind,  and  the  branch  be  placed  in 
water,  roots  arc  formed  abundantly  above  the  incision  but 
scarcely  at  all  below  it;  if,  however,  the  exiicriment  be  tried 
upon  branches  of  plants  which  contain  scattered  iibrovascular 
bundles  in  their  medulla,  the  removal  of  the  ring  of  cortical 
tissue  has  no  appreciable  effect  upon  the  development  of  the 
roots:  Faivre  too  has  obtained  similar  results  by  the  same 
method.  The  significance  of  these  facts  is  this,  that  the 
removal  of  the  rinj^^  of  cortical  tissue,  including  the  soft-bast, 
from  a  branch  or  stem  of  a  normal  dicotyledonous  plant 
almost  completely  cuts  off  the  supply  of  organic  substance  to 
the  parts  below  the  incision;  if  the  branch  or  stem  contains 
fibrovascular  bundles  in  its  medulla,  the  supply  of  organic 
substance  is  diminished  by  the  operation,  but  enough  is  still 
conveyed  to  enable  the  parts  below  the  incision  to  maintain 
their  growth. 

With  regard  to  the  laticiferous  tissue,  it  appears,  from  the 
researches  of  Faivre,  that  it  contains  organic  substances  which 
are  derived  from  the  leaves  and  which  are  used  up  in  building 
up  the  tissues  of  the  growing  parts  of  the  plant. 

It  has  been  suggested  that  a  formation  of  protcid  take?  place  in  the 
sieve-tubes  ;  Strasburgcr  is  however  of  opinion  that,  since  no  nuclei  have 
been  found  in  them,  this  is  not  the  case  (see  p.  151). 

In  order  to  obtain  a  connected  idea  of  the  changes  which 
these  nitrogenous  and  non-nitrogenous  organic  substances 
undergo  in  connexion  with  their  distribution  throughout  the 
plant,  we  will  trace  them  to  some  ofgan  in  which  they  are 
to  be  stored  up  for  a  time  as  reserve-materials,  and  then  from 
this  organ  when,  after  a  period  of  quiescence,  it  resumes 
active  life.    For  this  purpose  we  will  take  the  seed  as  our 
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example,  for  our  knowledge  of  its  chemistiy  is  more  com- 
plete than  is  that  of  any  other  similar  organ. 

Non-nitrogenous  oiiganic  substance  is  conveyed  to  the 
seed  in  the  form  of  sugar,  the  nitrogenous  in  the  form  of 
amides^  and  they  are  there  deposited,  the  non-nitrogenous 
substances  in  the  form  of  starch  or  of  oil,  the  nitrogenous  in 
the  form  of  masses  of  proteid  (consisting  of  peptones,  globulins 
and  albuminates)  known  as  aleitrottc-grains.  It  appears,  there- 
fore, that  a  formation  of  proteid  takes  place  in  seeds  doubtless 
from  the  sugar  and  the  amides  which  are  supplied  to  them. 
The  greater  part  of  the  sugar,  however,  reappears  in  the  form 
of  starch  or  oil  It  has  been  found  in  many  cases  that  aspara- 
gin  and  other  amides  are  present  in  seeds  in  small  quantity, 
and  occasionally  nitrogenous  glucosldes  are  present,  as,  for 
insUiicc,  amygdalin  in  the  Bitter  Ahnond,  potassium  myro- 
nate  in  the  Black  Mustard. 

We  may  distingaish  diflerent  kinds  of  seeds  according  to  the  fonn 
and  the  place  in  which  the  reserve-materials  are  stored  up.  Thus  there 
are  iktrchy  seedt  which  contain  much  starch  and  more  or  less  oil,  and 
oify  suds  which  contain  oil  and  no  starch :  in  the  former  the  aleurone- 
grains  are  small,  in  the  latter  they  are  large.  Further,  in  some  seeds  the 
reserve-materials  are  deposited  in  the  cells  of  the  seed  itself,  cither 
outside  the  embryo-sac  {perispcrm\  or  within  it  {<•  ft  do  sperm),  and  in 
some  both  perisperm  and  endosperm  nrc  present  ;  in  others  they  are 
deposited  in  the  seed-leaves  or  cotyUdons  of  tlic  embryo  which  then 
occupies  the  whole  of  the  seed.  Seeds  of  the  former  kind  are  said  to  be 
albuminous^  those  of  the  latter  exalbumimus. 

We  will  defer,  for  the  present,  the  consideration  of  the 

structure  and  of  the  chemical  composition  of  the  starch-grains 
and  aleurone-grains.  It  need  only  be  stated  now  that  aleu- 
rone-grains  always  contain  a  mass  of  inm  ral  matter,  the 
gioboiff.  and  frequently  a  cr}'stal  of  proteid,  the  crystaUoid. 

These  are  the  principal  forms  in  which  the  reserve- 
materials  are  stored  up  in  seeds.  Less  frequently  they 
occur,  in  addition,  in  other  forms ;  thus  in  the  seeds  of  the 
Date  and  of  Pliytelephas  carboh)  dr.itc  is  deposited  in  tlic 
form  of  thickened  cell-walls,  that  is,  as  cellulose,  consti- 
tuting, in  the  latter  case,  what  is  known  as  "vegetable 
ivory";  again  glucosides  are  occasionally  present,  substances 
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which  yield  s^lucose  as  one  of  the  piuducts  of  their  decompo- 
sition ;  tliese  may  be  either  non-nitrogenous  {e,g.  digitalin) 
or  nitrogenous  [e.g,  amygdalin).   Starch  and  oil  are  also  the 
forms  in  which  the  non-nitrogenous  reserve-materiab  are 
most  commonly  stored  up  in  -other  depositories :  thus  starch 
is  to  be  found  In  the  winter  in  the  cells  of  the  ground-tissue 
of  perennial  roots  and  rhizomes,  of  the  trunks  of  trees,  also 
in  the  septate  and  unseptate  fibres  and  in  the  [>aicnchy- 
matous  cells  of  the  wood  of  the  stems  of  Dicotyledons 
(Saoio)  so  long  as  these  cells  contain  protoplasm,  in  bulbs 
and  corms ;  oil  occurs  in  some  fruits,  such  as  the  Olive,  and 
in  the  spores  of  many  Fungi.   In  certain  cases,  however, 
carbohydrate  is  stored  up  in  other  forms ;  in  the  root  of  the 
Beet  it  is  present  as  cane-sugar ;  in  the  bulb  of  the  Onion 
and  in  many  fruits  as  glucose ;  in  the  tuberous  roots  of  the 
Dahlia  as  inulin  ;  glycogen  has  been  found  by  Errera  in 
various  Ascomycetous  Fungi,  especially  in  their  asci,  and  by 
Retnke  in  the  plasmodium  of  i£thalium  ;  mannite  has  been 
found  to  be  commonly  present  in  Agarics  by  Miintz,  and 
many  of  these  Fungi  contain  a  form  of  sugar  known  as 
trdialose ;  manntte  has  also  been  found  by  de  Luca  in  the 
leaves,  flowers,  and  uiuipe  fruits  of  the  Olive,  and  in  various 
parts  of  a  q^rcat  number  of  plants  ;  the  dried  juice  (manna) 
obtained  from  Fraxinus  Ornus  consists  principally  of  mannite. 
The  proteid  reserve-materials  are  not  known  to  be  deposited 
in  the  form  of  aleurone-grains  in  any  other  oigans  besides 
seeds,  but  crystalloids  have  been  found  free  in  the  cells  of 
various  plants,  for  example,  in  the  peripheral  cells  of  the 
potato- tube:  (l>;iiley),  in  the  nuclei  of  tiic  epidermal  cells  of 
the  integument  of  the  ovule  of  LatJircca  ^v//^/?w<7r;>  O^  ru  illvofVrX 
in  the  cells  of  the  Florideae  (Cramer,  Klein),  in  the  mycelium 
of  the  Mucorini  (Klein,  van  Tieghem).    Amides  have  been 
foond  stored  up  in  roots  and  tubers.   Schulze  and  Urich 
found  gltttamin  in  Beet-roots,  and  Scheibler  found  asparagin 
and  a  substance  termed  betain  ;  it  appears  that  in  some 
years  i^duUinin,  la  others  asparagin  is  the  more  iibuiiUaut, 
In  potatoes  Schulze  and  Barbicn  found  asparagin,  leucin  and 
fyrosin. 
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Since  Sduniedeber^  Drechsd,  and  others  have  succeeded  in  producing 
proteid  crystals  artificially,  we  may  infer  that  their  formation  in  the  plant 
is  not  due  to  the  organising  activity  of  the  protoplasm,  hut  that  it  is  a 
process  of  ordinary  crystallisation. 

When  once  deposited  the  reserve-materials  undergo  no 
further  change,  or  at  most  the  prnteids  ma)-  slowly  undergo 
some  alteration,  so  long  as  the  organ  in  which  they  are  de- 
posited remains  in  an  inactive  condition.  An  oi^an  in  this 
state  is  practically  dead  for  the  time  being,  all  its  metabolic 
processes  being  arrested.  It  is  capable,  moreover,  of  resisting 
injurious  influences,  such  as  extremes  of  temperature  and 
desiccation,  which  would  prove  fatal  to  it  were  it  actively 
living.  It  is  obviously  in  consequence  of  this  property  pos- 
sessed by  such  organs  during  what  we  may  term  their  state 
of  suspended  animation,  that  vegetation  is  maintained  in  re- 
gions in  which  the  cold  of  winter  is  severe  and  in  arid  tropical 
regions.  The  time  of  the  possible  duration  of  this  state  with- 
out permanent  loss  of  vitality  varies  very  widely;  spores, 
for  example,  lose  their  power  of  resuming  the  active  vital  con- 
diiion^  oi  germinating,  in  a  word,  in  a  comparatively  short 
time;  oily  seeds  retain  the  power  of  germinating  for  a  much 
shorter  time  than  starchy  seeds ;  in  some  instances  starchy 
seeds  have  been  known  to  retain  it  for  many  years.  When 
the  external  conditions  become  favourable,  when  the  tempera* 
ture  is  sufficiently  high  and  there  is  a  supply  of  water,  these 
quiescent  organs  readily  germinate,  and  then  the  reserve- 
materials  which  they  contain  undergo  great  chemical  changes. 
Germination  is  essentially  connected  with  growth ;  in  a  seed, 
with  the  growth  of  the  embryo ;  in  a  bulb  or  a  rhizome, 
with  the  growth  of  a  shoot  The  chemical  changes  which 
the  reserve*materials  undeigo  are  of  such  a  nature  as  to 
convert  them  into  substances  which  can  readily  travel  to 
the  seat  of  growth,  and  which  can  be  used  as  plastic  material 
by  the  growing  cells.  We  will  study  these  changes  as  they 
occur  in  a  seed. 

It  has  been  observed  by  all  who  have  investigated  the 
subject  that,  as  the  embryo  grows,  the  reserve-materials  in  the 
seed  diminish  in  quantity.   They  are  evidently  conveyed  to 
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the  seedling,  and  arc  used  b)-  it  to  fcjim  new  protoi)lasin  and 
cell-wall.  In  considering  the  changes  which  they  undergo 
we  will  b^in  with  the  non-nitrogenous  reserve-materials. 
The  starch  (and  cellulose,  in  the  Date)  is  undoubtedly  con- 
verted into  sugar ;  this  is  proved  by  the  detection  of  sugar 
as  well  in  the  seed  as  in  the  seedling,  and  further  by  the 
detection  in  germinating  seeds  of  an  unoiganised  ferment 
which  possesses  the  property  of  converting  starch  into  sugar. 
•  The  first  change  which  the  oils  undergo  is  app.trently  a  de- 
composition into  glycerin  and  fatty  acid,  which  is  probably 
effected  by  the  action  of  an  unorganised  ferment  (Schutzcn- 
berger) ;  these  substances  are  then  replaced  by  carbohydrate 
(Sachs).  The  glucosides  which,  as  we  have  seen,  are  present 
in  some  seeds,  are  decomposed  into  sugar  and  other  sub- 
stances also  by  the  action  of  an  unorganised  ferment.  The 
absorption  of  non-nitrogenous  reserve- material  soon  makes 
itself  apparent  in  the  embryo  by  the  formation  of  a  large 
quantity  of  temporary  starch  in  its  cells,  which  gradually  dis- 
appears as  its  growth  proceeds. 

With  regard  to  the  proteid  reserve-materials  of  the  seed, 
there  can  be  no  doubt  that  they  are  converted  into  sub- 
stances which  are  diffusible.  The  visible  effect  of  germina- 
tion upon  the  aleurone-grains  is,  according  to  PfeflTer,  that 
they  swell  up  and  fuse  to  form  a  grtuiular  viscid  mass;  the 
globoids  undergo  solution,  and  so  do  the  cr}'stalloids  wlien 
they  are  present.  It  was  thought  that  the  proteids  which 
are  insoluble  in  water  (globulins  and  albuminates)  were  con- 
verted into  peptone  by  the  action  of  an  unorganised  ferment ; 
von  Gorup-Besanez  believed  that  he  had  extracted  a  ferment  of 
this  kind  from  the  seeds  of  Vetches,  but  Krauch  has  shewn  that 
his  results  are  not  trustworthy.  In  the  absence  of  any  evidence 
to  prove  the  conversion  of  these  proteids  into  peptone,  we 
must  conclude  that  they  arc  directly  split  up  so  as  to 
give  rise  to  amides.  The  peptone  of  the  aleurone-grains 
undergoes  the  same  change.  It  might  be  thought  that  the 
peptone,  inasmuch  as  it  is  somewhat  diffusible,  is  directly 
conveyed  to  the  seedling,  but  this  is  not  the  case.  In  en- 
deavouring to  determine  this  point  I  found,  in  the  case  of 
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Lupins,  that  whereas  peptone  was  abundant  in  the  coty- 
ledons of  seedlings  a  week  old,  it  was  not  present  in  any 
other  part.    Seedlings,  it  is  well  known,  contain  considerable 

quantities  of  amides,  and  the  presence  of  these  can  only  be 
accounted  for  by  icgardincf  them  as  having  been  derived 
from  the  reserve-proteids  of  the  seed.  It  is  then  in  the  fonn 
of  amides  that  nitrogenous  oiganic  substance  is  supplied  to 
the  seedling.  All  the  various  ciystallisable  nitrogenous  or- 
ganic substances  which  have  been  already  mentioned  are 
to  be  found  in  germinating  seeds,  but  they  are  present  in 
various  proportions  in  different  seeds.  For  example,  Vetch- 
seeds  contain  principally  asparagin  and  leucin,  together  with 
small  quantities  of  glutamin  and  tyrosin  (von  Gorup-Besanez): 
Pumpkin-seeds  contain  principally  glutamin  and  aspars^n, 
with  some  tyrosin  (Schulze  and  Barbieri). 

The  effect  of  the  absorption  of  these  substances  by  the 
embryo  is  that  the  cell-sap  of  the  cells  of  its  ground-tissue 
become^ charged  with  them,  for  the  supply  is  much  more 
rapid  iIkui  the  consumption  in  the  formation  of  proteid  ; 
coasc(iueiuly  the  seedling  soon  comes  to  contain  a  larger 
percentage  of  them  than  does  the  organ  in  which  they  are 
being  formed.  If  the  seedling  is  growing  under  favourable 
conditions  these  substances  gradually  diminish  in  quantity 
and  finally  disappear,  and  this  is  accompanied  by  an  increase 
in  the  amount  of  proteid  contained  in  the  seedling. 

The  nature  of  ilicse  cunditiun:>  has  been  clearly  made  out 
by  Pfeflfer.  He  found  that  Lupin-seedlings  grown  in  the  dark 
contained  a  very  large  quantity  of  asparagin  so  long  as  they 
continued  to  live,  but  that  if  they  were  exposed  to  light  the 
asparagin  gradually  diminished.  But  he  ascertained  further 
that  mere  exposure  to  light  is  not  the  cause  of  this,  since  the 
asparagin  did  not  diminish  in  seedlings  exposed  to  light 
in  an  atmosphere  which  contained  no  carbon  dioxide.  The 
disappearance  of  the  asparagin  depended  thcicfoic  upon  con- 
ditions which  were  essential  to  the  formation  of  non-nitro- 
genous organic  substances  by  the  seedlings.  The  accumu- 
lation of  the  asparagin  depended  upon  the  absence  of  a 
supply  of  appropriate  non-nitrogenous  substance  with  which 
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it  could  combine  to  form  proteid ;  wlien  this  supply  was  pro- 
vided the  asparagin  disappeared. 

The  foUowing  tables  of  analyses  wUl  iUustrate  the  foregoing  remarks : 

I.   The  production  of  asparagin  at  the  expense  of  proteid  in  the 

depositories  of  reserve-materials. 

Beyer's  analysis  of  Yellow  Lupin  <;ceds  and  seedlings,  2 — 3  inches 
long  i  the  cotyledons  are  the  depositories,  as  the  seed  is  exalbuuunous. 


 ' 

Seedling 

Odier  F«rt» 

Proteids          61268  i 

Asparagin  ;     —  ' 

1  1 

1  

60*450 

i'4So 

50'o8o 

2.   The  changes  undergone  by  the  non-nitrogenous  reserve-materials. 

These  arc  well  illustrated  by  Peters'  comp.ii.itivc  analyses  oi  Liie  oily 
seed  mid  of  the  seedling  of  the  Pumpkin  (Cucurbita). 


T 


weight  cootaiocd 

seed  1 

lit  P)niod 

ana  rwn 



--M   »-  -» 

oa 

4951 

17*22 

11*14 

4-24 

Sugar 

traces  1 

5*45 

5*41 

5*33 

Gum 

traces 

173 

2'20 

270 

Starch 

000 

1  4*17 

7*61 

277 

Cellulose 

302 

787 

lO'OO 

1270 

AttMnniiioids 

39S8 

,  39W 

43^ 

Ash 

5'io 

I  7*62 

8- TO 

9*33 

Extractives 

249 

1  16*06 

1929 

lOOXW 

lOO'OO 

lOOlQO 

lOO'OO 
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Also  by  those  of  Boussingftiilt'of  the  starchy  seeds  and  of  the  seed* 
linifs  of  the  Itfaiie ;  the  seedlings  had  grown  in  dark  for  ao  days. 


f/.    Ab•^o]uto  wei:::;hts.  in  <L'ran)nies  : 


dry 
weight 

.ind 
dextrin 

1 

'  Nitro- 
03       CeUlllpse  Kc^iKnis 
'  substances, 

1 

Ash 

Extract* 

Seeds  (22) 
Seedlings 

8^636 
4529 

6*386  ^  orooo 

0777,  0953 

0463    0*516  o'SSo 

0150    1-316  o'BSo 

1 

0156 
0*156 

OXXXi 

0*235 

0*297 

Differences 

-4107 

-  5-609 

+0-953 

-  0*313  •  +o'8oo  0*000 

•1- 0*062 

d.   Weights  calculated  in  percentages : 


SMds 

SMdlinn 

Starch  and  dextrin 

73*9 

17*2 

Sugar 

0x1 

2IX> 

Oil 

P 

3*3 

Cellulose 

6'o 

29*1 

Nitrog.  subst. 

10*3 

194 

Ash 

i4 

Extractives 

27 

100  0 

lOO'O 

The  foregoing  statements  as  to  the  changes  which  the 
reserve-materials  of  the  seed  undergo  at  the  time  of  germi- 
nation apply  to  other  depositories  of  reserve-materials  as 
well.  As  regards  the  non-nitrogenous  material  stored  up  in 
bulbs,  tubers,  rhizomes,  roots,  etc.,  we  have  seen  that  it  is 
deposited  in  the  form  of  carbohydrates,  such  as  starch,  inulin, 
cane-sugar,  and  glucose.  Of  these,  starch,  inulin,  and  pro- 
bably also  cane-sugar,  are  converted  into  grape-sugar  (glu- 
cose) on  germination,  and  are  supplied  in  that  form  to  the 
growing  shoot.  As  to  the  nitrogenous  oiganic  substance 
stored  in  these  depositories,  it  is,  as  we  have  seen,  accumu- 
lated in  the  form  of  amides  for  the  most  part,  and  can 
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therefore  be  directly  transferred  to  the  growing  shoot :  when 
it  is  accumulated  in  the  fonn  of  proteid,  as  in  the  potato  for 

instance,  the  proteid  is  doubtless  con\  Lrtcd  iiiLo  amides,  just 
as  in  the  seed,  and  these  are  used  by  tlie  shoot  for  its  nutri- 
tion and  growth. 

It  remains  for  us  to  become  acquainted  with  the  mode  in 
which  the  plastic  materials  are  used  for  the  building-up  of 
the  structure  of  the  plant   We  may  take  the  growing-point 
as  the  object  of  our  study.   We  know  that  in  a  growing- 
point  a  formation  of  new  cells  is  taking  place,  that  is,  that 
cell-wall  and  protoplasm  are  beini^  produced.    This  produc- 
tion must  be  effected  at  the  expense  of  plastic  materials 
supplied  to  the  growing-point  from  other  parts  of  the  plant. 
But  these  plastic  materials  cannot  be  detected  as  such  in  the 
tissue  of  the  growing-point,  the  primaiy  meristem  (see  p.  1 5 1). 
Schacht,  Sachs^  and  others  have  found  that  although  starch 
is  usually  present  in  considerable  quantity  in  a  growing 
member,  and  can  be  IracLd  iiiLu  the  immediate  neighbour- 
iiood  of  the  growing-point,  yet  it  cannot  be  detected  in  the 
cells  of  the  growing-point  itself    Sachs  also  failed  to  detect 
sugar,  and  the  various  observers  (Pfcffer,  Borodin,  Schulze, 
de  Vries)  who  have  studied  the  distribution  of  amides  in  the 
plant  have  likewise  failed  to  detect  them  in  the  cells  of  the 
growing-point   On  the  other  hand,  proteids  are  abundantly 
present,  and  these  are  doubtless  formed  from  the  amides  and 
the  L,irlj^>]i\  (i rates  (to<,^ethcr  with  sulphatc^D  and  perhaps  phos- 
phatcaj  supplied  to  the  cells  of  the  growing-point.  These 
proteids  serve  as  material  for  the  construction  of  the  proto* 
plasm  which  is  required  in  connexion  with  the  processes  of 
cell-multiplication.   The  cell-walls  are  formed>  according  to- 
Schmitz  and  Strasburger,  from  portions  of  the  protoplasm 
(see  p.  26).   The  processes  going  on  in  a  growing-point  are 
then  these :  the  cells  are  being  supplied  with  plastic  materials 
from  the  cells  lying  behind  them  which  contain  these  materials; 
from  these  plastic  materials  proteid  is  constructed  so  that  the 
plastic  materials  themselves  cannot  be  detected  in  the  meri- 
stematic  cells ;  from  the  proteid  living  protoplasm  is  produced, 
and  from  a  portion  of  the  protoplasm  cell-walls  are  formed. 

V.  12 
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We  have  now  obtained  a  general  insight  into  the  mode  of 

distribution  of  the  plastic  materials  in  the  plant,  as  well  as 
some  knowledge  of  the  different  forms  in  which  they  may 
make  their  appearance.  ■  We  will  conclude  oui  consideration 
of  this  subject  with  a  few  general  considerations,  leaving  the 
discussion  of  the  chemical  details  for  another  lecture. 

We  may  gather  from  the  facts  before  us  that  the  parts  of 
the  plant  which  do  not  contain  chlorophyll  are,  as  it  were, 
parasitic  upon  those  which  do.  Just  as  a  plant  which  does 
not  contain  chlorophyll  must  have  organic  substances  supplied 
to  it,  so  must  also  those  i)arts  of  a  careen  plant  which  do  not 
contain  chlorophyll.  The  cells  m  which  chlorophyll  is 
present  can  make  organic  substance,  both  nitrogenous  and 
non-nitrogenous,  from  carbon  dioxide,  water,  and  salts;  those 
in  which  it  is  not  present  can  only  decompose  and  recombihe 
the  organic  substance  supplied  to  them  from  those  in  which 
it  is  present.  This  relation  is  well  marlved  in  the  develop- 
ment of  shoots  from  bulbs,  tubers,  etc.;  a  shoot  is  incapable  at 
first  of  constructing  its  own  plastic  materials,  and  draws  its 
supplies  from  the  depository  of  reserve^material  with  which  it 
is  connected ;  it  behaves  like  a  parasite.  On  the  other  hand, 
as  far  as  continuity  of  tissue  is  concerned,  a  parasite  is  as 
closely  connected  with  its  host,  as  a  shoot  is  with  the  organ 
which  bears  it.  The  relation  of  llic  embryo  in  this  respect  is 
peculiar.  In  albuminous  seeds,  the  embryo  is  simply  im- 
bedded in  the  endosperm  for  perisperm) ;  there  is  no  con- 
tinuity of  tissue.  When  the  seed  germinates  and  the  further 
development  of  the  embryo  commences,  the  reserve-materials 
in  the  endosperm  undergo  the  changes  with  which  we  have 
become  acquainted,  and  the  products  are  absorbed  by  the 
embryo  through  its  external  surface  ;  in  some  cases  a  special 
absorbent  organ  i:.  present,  as  in  Grasses  (the  scutcllum;,  and 
at  a  later  period  in  the  development  of  the  embiyo  the 
cotyledons  frequently  act  as  absorbent  organs. 

Treab's  interesting  observations  on  the  embryo  of  Orchids,  the  sus- 
pensofs  of  which  grow  out  of  the  ovule,  in  certain  species,  and  attach 
themselves  to  the  placenta  from  which  they  absorb  nourishment,  seem  to 
suggest  that  possibly  the  suspensor  may  have  an  absorbent  function  in 
all  cases. 
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The  question  has  naturally  arisen  in  reference  to  albumi- 
nous seeds,  as  to  how  far  the  changes  in  the  reserve-materials 
of  the  endosperm  are  to  be  ascribed  to  the  embryo.  In  order 
to  answer  this  question  van  Tieghem  experimented  with  the 
embryo  of  Mirabilis,  depriving  it  of  its  endosperm  and  supply- 
ing it  artiiicially  with  nutriment ;  under  these  conditions  the 
embryo  grew  and  developed,  but  not  so  well  as  under  normal 
conditions.  From  this  we  may  infer  that,  in  the  seed,  changes 
go  on  in  the  endosperm,  independently  of  the  embryo,  by 
which  the  reserve-materials  stored  up  in  it  are  prepared  for 
absorption  by  the  embryo.  The  results  of  the  similar  ex- 
periments of  filodszewski  on  Rye-seeds  lead  to  the  same 
conclusion,  aiid  it  is  further  supported  by  van  Tieghem's 
observation  that  the  isolated  endosperm  of  Ricinus  can  grow, 
under  favourable  conditions,  and  that  the  aleurone-grains 
become  disorganised  and  the  oil  replaced  by  starch.  There 
can  be  no  doubt,  however,  that  the  embryo  exerts  an  impor- 
tant influence  in  bringing  about  the  changes  in  the  reserve- 
materials  of  the  endosperm,  though  it  is  difficult  to  determine 
what  the  exact  nature  of  this  influence  is.  It  may  be  that 
the  embryo  excretes  a  ferment,  or  it  may  simply  act  by 
removing  the  products  of  ferment-action,  thus  preventing 
their  accumulation  and  so  assisting  the  processes. 

The;  diifcrcnce  in  structure  between  albuminous  and  cxal- 
buininous  seeds  is  essentially  this,  that  whereas  in  the.  former 
the  reserve-materials  of  the  endosperm  are  only  absorbed  by 
the  embryo  during  germination,  in  the  latter  they  are  ab- 
sorbed by  the  embryo  during  the  ripening  of  the  seed,  and 
are  deposited  in  the  cotyledons. 

We  will  now  discuss  the  structure  and  composition  of  the 
starch-grains  and  of  the  aleurone-grains.  The  starch-grains 
present  evident  structure:  though  they  vary  in  size  and  shape 
in  different  seeds,  yet  in  all  cases  they  present  a  stratified 
appearance,  consisting  apparently  of  layers  deposited  concen- 
trically or  excentrically  around  a  certain  point,  the  Ai/um 
(Fig.  26):  in  fact,  as  Strasbuiger  points  out,  the  optical  section 
of  a  grain  resembles  the  transverse  section  of  a  thickened 
stratified  cell-wall   They  are  formed  by  the  protoplasm ;  and 
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although  the  exact  mode  of  thefr  formation  in  seeds  has  not 
been  investigated,  it  may  be  assumed  that  it  is  the  same  as 
in  other  parts  of  the  plant  Schimper  has  observed  that  the 
formation  of  starch-grains  is  commonly  effected,  in  parts  of 
plants  not  exposed  to  lig^t,  by  certain  specialised  portions  of 
the  protoplasm  which  are  termed  stardirforming  corpuscles  or 
amyhplasts.  These  corpuscles  closely  resemble  Ae  chloro- 
phyll-corpuscles, though  of  course  they  contain  no  chloro- 
phyll;  in  some  cases,  in  fact,  an  actual*  conversion  of  an 
amyloplast  into  a  chlorophyll-corpuscle*  under  the  influence 
of  light,  has  been  observed.  In  both  cases,  if  we  accept  the 
view  of  Strasbuiger,  the  starch  fiormed  is  a  product  of  the 
decomposition  of  protoplasm;  the  diflTerenoe  in  function  be- 
tween chlorophyll-corpuscle  and  amyloplast  is  then  this,  that 
in  the  former  the  synthetic  processes  begin  with  such  simple 
substances  as  carbon  dioxide,  water,  and  salts,  and  are 
effected  under  the  influence  of  light,  whereas  in  the  latter  they 
b^n  with  tolerably  complex  substances  {e,g,  aspars^n  and 
glucose),  and  in  this  case  the  influence  of  li|^t  is  not  essential. 
Strasburger  has  found  that  in  certain  cases  (macrospores 
of  Marsilia,  cells  of  medullary  rays  of  Pinus  sylvestris)  the 
starch-grains  arc  formed  in  the  general  protoplasm  of  the 
cell.  At  their  first  appearance  the  starch-grains  are  minute 
bodies  usually  more  or  less  spheroidal  in  form ;  as  they 
increase  in  bulk  they  begin  to  present  the  stratified  appear- 
ance mentioned  above.  When  the  grains  are  formed  in  the 


Fig.  a6  (after  Schimper).  Group  cS  am^oplasts,  each  bearing  a  stareh-gndn, 
collected  round  the  nuclou  in  «  odl  of  the  tvber  of  Pk^m  gnmdifUku 
{BIttia  TanJUrviUue), 
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general  protoplasm  or  inside  the  amyloplasts  the  spheroidal 
form  is  retained  and  the  planes  of  stratification  are  concentric 
around  the  hilum  which  is  the  part  of  the  grain  which  was 
first  formed  :  when,  however,  the  grains  arc  formed,  as  they 
frequently  are,  on  the  outside  of  an  amyioplast,  they  soon 
become  oval  and  the  layers  excentric  ;  the  end  of  the  grain  in 
contact  with  the  amyloplast  becomes  broad,  and  the  number 
of  layers  of  stratification  is  greater  there  than  at  any  other 
part ;  hence  the  hilum  is  gradually  removed  further  and 
further  away  from  the  amyloplast.  'rat  the  lon^  axis  of 
the  grain  coincides  with  the  direction  of  greatest  growth 
(F^.  2^.  We  naturally  conclude  from  these  facts  that  the 
grain  grows  by  the  deposition  of  new  layers  on  its  surface, 
and  that  the  successive  layers  produce  the  stratified  appear- 
ance of  the  gprain. 

In  addition  to  the  planes  of  stratihcatiun,  the  starcli-grain 
is  marked  by  lines  radiatin<^  from  the  hilum,  which  are  planes 
of  striation.  Schimpcr  and  Arthur  M^yer  were  led  by  this 
to  regard  a  starch-grain  as  a  spherocrystal,  consisting  of  a 
number  of  radially-placed  prisms.  According  to  their  view 
the  formation  of  a  starch-grain  is  effected  in  this  way,  that 
the  amyloplast  takes  up  sugar  from  the  cell-sap  and  converts 
it  into  starch,  which  is  deposited  in  successive  layers  con- 
sisting of  prismatic  crystals.  Strasburger,  however,  finds  that, 
as  in  the  case  of  cell-walls,  each  1  a)  or  of  the  grain  is  formed  from 
a  layer  of  protoplasm,  and  he  thinks  it  probable  that  the 
striation  of  the  layers,  like  that  of  the  layers  of  cell-walls,  is 
connected  with  the  arrangement  of  the  microsomata  in  the 
layers  of  protoplasm  from  which  the  layers  of  starch  have 
been  derived. 

According  to  Nae^cli,  a  starch-grain  increases  in  bulk  not  by  apposi- 
tion but  by  intussusception,  that  is  by  the  intercahition  of  new  particles 
(micellse)  of  starch  between  those  which  are  already  present  ;  he  reg.irds 
the  stratifir.'Uioii  ui  the  starch-grain  not  as  the  resuh  o\  ihc  deposition  of 
successive  layers  one  upon  the  other,  bui  as  being  due  to  ihc  differentia- 
tion of  the  growing  starch-gram  into  layers  coiuanung  alternately  a 
greater  or  a  smaller  proportion  of  water.  The  most  important  of  ilie 
facts  upon  which  this  view  is  based  is  that  the  most  external  layer  of  a 
starch-grain  it  always  a  dense  layer,  whereas  the  hilam  Is  relatively 
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watery :  from  this  he  arj^ues  that  the  layers  cannot  be  successively  depo- 
sited for,  were  that  the  case,  the  most  external  layer  would  be  the  you  nicest 
and  therefore  probably  the  most  watery  part  of  the  g^ain.  Schimpcr, 
however,  has  pointed  out  that,  under  certain  circumstances,  a  starch- 
grain  which  has  lost  its  regular  outline  in  consequence  of  partial  solution, 
may  have  new  layers  deposited  upon  it  with  a  regular  outline,  and  that, 
tfie  irregular  outline  of  the  corroded  grain  can  still  be  seen  within; 
this  fiict  affordi  considerable  support  to  the  apposition  theory.  The 
stntificatioa  of  starch-grains,  he  admits,  is  due,  as  Na^geli  states*  to 
the  alternation  of  more  and  less  watery  layers ;  he  ascribes  this  distribii* 
tion  of  water  to  tensionsin  the  grain  which  canse  each  apposed  bqrer  to 
become  differentiated  into  threes  a  middle  watery  layer  with  a  dense  layer 
on  each  ride  of  it  Stiasbarger  denies  the  alternation  of  more  and  less 
watery  layers.  He  comes  to  the  conclusion  that,  in  starch-grains  as  in  cdt* 
walls,  the  layer  last  formed  {i.e.  the  one  next  the  cell-contents)  is  the  most 
dense  one,  and  that  the  older  layers  gradually  absorb  water  :  hence  the 
eattemal  layer  of  a  starch-grain  is  the  most  dense;,  and  the  inner  layers  are 
successively  more  and  more  watery  until  the  maximum  proportion  of 
wnter  is  reached  in  the  hilum.  Each  layer  is  therefore  stretched  by  the 


A  B 

Fig.  aj.  Starch-grains  (Potato)  under  the  polariscopc:  A,  (after  Dippel)  a  starch- 
grain  seen  with  crossed  Nicols:  B  (after  Weiss)  a  starch-grain  seen  with 
parallel  Nicols. 

layer  within  it  (positive  tension),  compressed  by  the  layer  external  to  it 
(negative  tension).  The  tensions  in  a  starch-grain  are  thus  predsely  the 
opposite  of  thoee  hi  a  thickened  cdl-wall  (see  pu  36),  but  this  statement 
of  them  applies  quite  aocoratdy  only  to  concentric  start^-gndns :  it  is 
trine  of  the  older  concentric  part  of  eioentric*gralnS|  and  In  these  grains 
the  external  layer  is  always  the  most  dense,  but  die  excentric  incomplete 
layers  are  not  successively  more  and  more  watery  from  within  outwards. 
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With  reference  to  the  optical  fttoperties  of  stardi-giains  von  MoU 
pointed  out  that  the  interference  colours  of  starch-grains  are  complement 
tary  to  those  of  ceU-walls,  the  former  being  optically  positive  and  the 
latter  negative.  Strasbiuger  refers  this  dtiTerence  in  optical  properties  to 
the  differences  of  the  tensions  in  the  two  cases,  the  tensions  in  starchpgiains 
being  of  the  nature  of  traction,  in  cell-walls  of  compression. 

A  few  words  may  be  added  as  to  the  chemistry  of  starch.  A  starch- 
grain  consists  of  two  forms  of  carbohydrate.  If  a  starch-grain  be  treated 
with  dilute  sulphuric  or  hydrochloric  acid,  a  portion  of  it  will  be  dissolved, 
leavinj^  a  skeleton  which  retains  the  form  of  the  grain,  and  which  consists 
of  a  substance  termed  starch-crfiulost\  closely  allied  to  ordinary  cellulose. 
The  dissolved  substance  is  \qx\\\^z(1  granulose ;  it  turns  blue  on  treatment 
with  iodine,  and  it  is  in  fact  to  the  presence  of  this  substance  that  the 
characteristic  blue  colour  which  starcli-grains  assume  with  iodine  is  due  : 
it  appears  to  be  slightly  dissolved  when  starch-grains  are  rubbed  in  a 
mortar  with  cold  water  ;  it  is  boliible  in  dilute  acids  and  in  concentrated 
solutions  of  certain  salts  such  as  potassium  bromide  and  iodide,  cal- 
cium and  zinc  chloride.  When  a  starch-grain  is  treated  with  a  solution 
of  an  unorganised  ferment,  the  granulose  first  disappears,  and  then  the 
cellulose^keteton  is  slowly  dissolved  ,Fig.  28). 

From  the  researches  of  W.  Naegeli  and  of  Sachsse  it  appears  that  the 
formula  of  starch  (granulose?)  is  6(CfHioOi)=^C»H«iO|o:  Pfeiffer,  how- 
ever, concludes  from  the  compounds  which  it  forms  with  alkalies,  that  its 
formula  is  probably  4  (CtHuO|)s;CMH4«Os^ 


Fig.  iB  (after  Baranet/kyi.  Siarch-grains  from  a  potato  in  various  stages  of 
solution  under  the  action  nf  a  diasutic  ferment :  in  (  and  d  scarcely  anything 
U  left  but  the  cellulose-skeleton. 

The  reservc-proteids  of  seeds  are  stored  up,  as  before  men- 
tioned, in  the  fonn  of  granules,  alcurone-grains.  These  gran- 
ules are  especially  well-developed  in  oily  seeds,  being  much 
larger  than  they  are  in  starchy  seeds.  When  a  section  of  an 
oily  seed  is  examined^  the  aleurone-grains  are  seen  occupying 
the  interstices  of  the  protoplasm  in  some  or  all  of  the  cells. 
On  the  addition  of  water  they  swell-up,  and,  owing  to  the 
solution  of  part  of  their  substance,  their  structure  becomes 
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apparent.  In  some  cases  they  contain  one  or  several  crystals 
of  calcium  oxalate,  in  most  an  amorphous  mass  of  mineral 
matter,  tlie  globoid,  which  consists,  according  to  Pfefifer  of 
double  phosphate  of  lime  and  magnesia.  It  frequently 
happens  {^g.  Castor-oil  plant,  Brazil-nut)  that  a  crystal  of 
protdd  is  also  present  In  order  to  distinguish  this  crystal 
from  mineral  crystals,  from  which  it  differs  in  its  property  of 
swelling- up,  it  is  termed  the  crystalloid. 


Fig.  29  (after  Pfeffer).    A,  an  enclospcrm-cell  of  Ricinus  containing  aleurone- 
grains:      a  single  aleurone-grain ;  a  the  globoid,  b  the  crystalloid. 

I  have  found  that  aleurone-grains  consist  chemically  (apart  from  the 
globoid  or  the  crystal  of  calcium  oxalate)  of  proteids  of  three  kinds:  (i)  of 
proteids  soluble  in  water,  not  precipitated  from  solution  by  boiling, 
belonging  therefore  to  the  <;roup  of  peptones;  (2)  of  proteids  insoluble  in 
water,  but  soluble  in  10  per  cent,  or  saturated  solutions  of  common  salt 
(NaCl),  belonging  to  the  group  of  globulins;  (3)  of  proteids  insoluble  in 
water  and  in  solutions  of  common  salt,  but  soluble  in  alkalies  ;  these  are 
probably  derived  fiom  the  globulins,  and  are  to  be  regarded  as  alhimi' 
naUs.  The  crystalloids  consist  either  of  a  globulin  or  of  an  albamiiiate. 

Pfefler  gives  the  fdlowiiig  account  of  the  devdopment  of  aleurone- 
grains.  The  fonnation  of  them  begins  when  the  seed  has  ceased  to 
receive  supplies  of  plastic  material  firom  the  plant;  for  if  a  seed  be 
removed  at  the  time  when  the  formatioii  of  the  aleurone-grains  is  com- 
mencing, the  formation  of  them  is  not  interrupted.  The  inorganic  con- 
tents, the  crystals  of  calcium  oialate  or  the  globoids  of  double  phosphate 
of  lime  and  magnesia  first  make  their  appearance  in  the  protoplasm  of 
the  cell,  and,  in  the  seeds  which  contain  them,  the  proteid  crystalloids. 
As  the  seed  in  ripening  gradually  loses  water,  proteids  aggregate  at 
various  points  in  the  cells  around  a  single  crystal  of  calcium  oxalate  or  a 
group  of  crystals,  or  around  one  or  more  globoids,  as  the  case  may  be, 
and  around  a  crystalloid  when  it  is  present,  and  each  such  aggregation 
constitutes  an  atenrone-grain. 
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LECTURE  XI. 

THE  METABOUSM  OF  PLANTS  (fiMtimttd), 

'  The  last  two  lectures  have  made  us  acquainted  with  the 

more  general  facts  as  to  the  formation  of  organic  substance 
and  as  to  the  changes  which  it  undergoes  in  connexion  with 
its  distribution  in  the  plant.  We  will  now  study  the  nature 
of  these  processes  in  detail. 

6.    TAe  MiUUfclic  Procesus, 

Inasmuch  as  the  processes  of  constructive  metabolism 
have  been  treated  of  as  fully  as  our  knowledf^e  will  allow  in 
a  previous  lecture  (Lect.  IX.),  we  need  only  repeat  here  the 
principal  conclusions  at  which  we  then  arrived.  We  found 
that  the  protoplasm  of  the  plant  is  capable^  under  appropriate 
conditions,  of  building  up  more  and  more  complex  organic 
substances  from  the  relatively  simple  materials  of  its  food, 
the  last  of  the  series  of  processes  being  the  formation  of  living 
protoplasm.  Our  conception  of  the  nature  of  this  last  process 
will  depend  upon  the  view  which  we  take  of  the  nature  of 
protoplasm.  If  we  regard  the  molecule  of  protoplasm  as  a 
highly  complex  one  containing  besides  proteid,  carbohydrate, 
fatty,  and  other  radicles,  the  process  In  question  will  be  one  of 
remarkable  constructive  activity:  if,  on  the  other  hand,  we 
regard  protoplasm  as  simply  modified  proteid,  the  process  in 
question  will  consist  essentially  in  the  rearrangement  of  the 
radicles  in  the  molecule  of  proteid  (see  p.  160}. 
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But  ft  Is  with  the  processes  of  destructive  metabolism  that 

we  arc  now  especially  concerned,  the  processes  by  which 
complex  substances  are  decomposed  into  others  of  simpler 
composition.  The  principal  factor  in  destructive  metabolism 
is  doubtless  what  Pfliiger  terms  the  "  self-decomposition "  of 
the  living  protoplasm.  According  to  this  view  living  pro- 
toplasm is  constantly  undeigoing  spontaneous  decomposi- 
tion, and  one  important  use  of  the  various  complex  oiganic 
substances  present  in  the  organism,  such  as  proteids,  fats, 
and  carboh\-cl rales,  is  that  thc\"  >ltvc  as  plastic  laatcrial  for 
.  the  reconstruction  of  living  protoplasm.  The  metabolism 
of  the  protoplasm  thus  consists  in  unceasing  construction 
and  decomposition )  the  constructive  and  the  destructive 
processes  being  intimately  connected.  Of  the  products  of 
decomposition  some  can  be  again  used  in  the  constructive 
processes,  whereas  others  are  of  no  nutritive  value. 

This  view  of  Pfluger's,  though,  from  the  nature  of  the  case 
somewhat  hypothetical,  is  supported  by  some  direct  obser- 
vations. In  treating  of  the  formation  of  starch-grains 
(pp.  145,  180)  it  was  pointed  out  that  the  starch  is  a  product 
of  the  dissociation  of  molecules  of  what  we  must  regard  as 
living  protoplasm,  and  the  same  holds  good  of  the  cellulose 
produced  in  the  formation  of  cell-walls  (p.  15).  Again, 
Sachs  has  observed  that  in  the  autumn  the  cells  of  deciduous 
leaves  become  entirely  emptied  of  their  proiopla^mic  con- 
tents ;  protoplasm,  nucleus,  chlorophyll-corpuscles,  all  dis- 
appear :  they  are  decomposed  into  soluble  and  diffusible 
substances  which  are  conveyed  away  to  the  persistent  parts 
of  the  plant. 

But  the  destructive  metabolism  of  an  organism  Is  not  fay 
any  means  confined  to  the  decomposition  of  protoplasm: 
the  various  complex  organic  substances  in  the  cells  may 

untlci<;u  chcniicai  change  c^uiic  iiidependently  of  their  enter- 
ing into  the  metabolism  of  the  protoplasm.  We  have  already 
learned  that  various  substances  are  decomposed  by  means  of 
certain  bodies  which  ha\'e  been  termed  unorganised  ferments 
in  order  to  distinguish  them  from  the  so-called  organised 
ferments  such  as  Yeast  and  Bacteria.    These  unoi^ganised 
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ferments  are  formed  by  the  protoplasm  and  appear  to  resemble 
protcids  in  their  ultimate  chemical  composition,  but  wc  do  not 
know  what  is  the  nature  of  the  peculiarity  of  their  chemical 
structure  upon  which  their  characteristic  properties  depend. 

The  foUowmg  are  the  analyses  of  certain  of  these  ferments  : 


Emulwn  Papain  Dia&use 

(SdmidtX  (WaittaadBoiichnt)L  'Mkoimky). 

C          4876  4220  47*57 

H           7*13  660  6*49 

N         14*16  i2'n  5*14 

S           125  J 

O         2870  (and  S?)  26  08  P^'^ 

Ash  I2'90  3*16 


lOCOO  lOOtX)  100*00 


Loew  has  come  to  Uie  condviioii,  by  the  analjrsia  of  feimeDtSi  that 
they  are  pioteids  allied  to  the  peptones. 

The  unorganised  ferments  ma)  be  classihed^  according  to 
cor  present  knowledge  in  the  following  four  groups,  the 
classification  depending  upon  the  nature  of  their  action : 

(1)  Ferments  which  convert  starch  into  sugar;  the  first 
of  these  to  be  discovered  was  called  diastase  and  was  found 
in  malt ;  we  may  speak  of  these  Icrments  generally  as  dia^ 
static  ferments.  They  are  ver>'^  widely  distributed  in  plants  ; 
they  have  been  found  in  germinating  seeds  (Persoz  and 
Payen,  von  Gorup-Besanez),  in  leaves,  shoots,  etc.  (Kossman, 
Krauch);  Wortmann  has  recently  found  reason  to  believe 
that  Bacteria  convert  starch  into  sugar  by  means  of  a  dta- 

*  static  ferment  which  they  excrete ;  in  fact  it  seems  probable 
from  the  researches  of  Baranetzky  tliat  a  fermcul  of  this  kind 
is  present  in  all  livinj^  plant-cells. 

(2)  Ferments  which  decompose  glucosides  with  produc- 
tion of  sugar:  the  best-known  members  of  this  group  are 
amuism  or  syfu^tase  found  in  the  Bitter  Almond ;  n^^rnm 
in  the  seed  of  the  Black  Mustard ;  epyt^stym  in  the  root 
of  the  Madder. 

It  is  doubtful  whether  or  not  these  ferments  are  also 
capable  of  converting  starch  into  sugar.  According  to 
Schmidt,  emulsin  does  not  possess  this  property,  its  action 
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being  confined  to  the  decomposition  of  aromatic  glucostdes ; 
Kossmann  indeed  states  that  the  diastatic  ferments  which 
he  obtained  acted  also  on  glucosides,  but  it  is  probable  that 

his  extract  conlaincd  more  than  one  kind  of  fcrinent. 

(3)  Ferments  which  convert  cane-sugar  into  glucose:  a 
ferment  of  this  kind,  termed  invertin,  has  been  extracted  from 
Yeast ;  it  is  probable  that  a  similar  ferment  is  present  in  * 
succulent  fruitSi  for  they  commonly  contain  a  mixture  of 
cane-sugar  and  glucose. 

(4)  Ferments  which  convert  proteids  into  peptones; 
these,  which  are  only  active  in  the  presence  of  free  acid, 
are  termed  peptic  ferments ;  such  a  ferment  has  been  found 
in  the  latex  of  Carica  Papaya  and  in  that  of  Fiats  Carica 
(Wurtz  and  Bouchut),  and  in  the  liquid  excretion  of  car- 
nivorous plants  (von  Gonip-Besanez  and  Will). 

Von  Gorup-Beaanes  believed  that  he  bad  succeeded  in  extracting  a 
peptic  ferment  from  germinating  seeds  (Vetch,  Hemp,  Flax,  and  Barley). 
Krauch  has  pointed  out  that  this  result  is  not  trustworthy,  inasmuch  as 
the  glycerin-extract  of  Vetch-seeds,  prepared  according  to  von  Gorup- 
Besanei^  method,  contains  peptone  to  begin  with  (see  last  lecture,  p.  173). 

These  are  the  only  ferments  which  have  been  actually 
extracted^  but  it  is  probable  that  others  may  also  be  present 
in  plants.  Thus,  from  the  researches  of  Muntz  and  of  von 
Rechenberg,  it  appears  that  the  quantity  of  free  fatty  acids 
in  oily  seeds  increases  very  much  during  germination,  doubt- 
less in  consequence  of  the  decomposition  of  fats  inio  glycerin 
and  the  respective  fatty  acids.  It  is  well  known  that  in 
animals  this  decomposition  is  eftecied  by  a  ferment  con- 
tained in  the  pancreatic  secretion,  and  it  may  be  fairly  in- 
ferred that  it  is  effected  by  this  means  in  plants  also.  In 
fact  Schiitzenberger  states  that  when  an  oily  seed  is  rubbed- 
up  with  water,  an  emulsion  is  obtained  in  which  glycerin 
and  free  fatty  acids  soon  make  their  appearance.  Again, 
there  is,  in  the  pancreatic  secretion  of  animals,  a  ferment 
(trypsin)  which  decomposes  proteids  with  the  formation  of 
crystalUsable  nitrogenous  organic  substances  such  as  leucin 
and  Qrrosin.  We  have  learned  that  these  amides  are  of  com* 
mon  occurrence  in  plants,  and  it  is  possible  that  they  may  be 
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formed  by  means  of  a  proteolytic  ferment.  There  is,  however, 
no  positive  evidence  forthcoming  in  support  of  this  view. 
Finally  there  is  probably,  in  certain  plants  at  least,  a  ferment 
which  acts  upon  cellulose,  converting  it  into  sugar.  For 
instance,  we  have  seen  that  carbohydrate  is  stored  up  in  the 
Date-seed  in  the  form  of  cellulose,  and  that  this  cellulose  is 
used  up  during  germination  in  supplying  the  embryo  with 
plastic  material ;  it  is  difficult  to  imagine  that  the  bolution 
of  the  cellulose  is  brought  about  otherwise  than  by  ferment- 
action.  The  penetration  of  the  absorbent  organs  of  parasites 
into  the  tissues  of  their  hosts  is  probably  effected  by  the 
same  means. 

We  have  now  to  enquire  into  the  nature  of  the  chemical 
processes  of  which  the  decompositions  enumerated  above  are 

the  result.  The  mode  of  action  of  unorganised  ferments  is 
that  they  induce  chemical  change  in  the  substance  upon 
which  they  act  without  themselves  entering  into  or  being 
*  affected  by  the  process.  The  change  which  they  effect  is 
I  probably,  in  the  first  instance,  one  of  hydration,  that  is,  the 
addition  of  one  or  more  molecules  of  water  to  the  molecule 
of  the  substance  acted  upon ;  this  appears  to  diminish  die 
stability  of  the  substance  so  that  its  molecules  readily  disso- 
ciate to  form  two  or  more  other  substances. 

The  following  exarnples  will  serve  to  illustrate  lernient>action : 

I,  the  conversioQ  of  starch  into  sugar  by  diastase ; 

the  relation  of  the  quantity  of  the  pioducts  to  each  other  and  to  the 
rtaich  has  been  found  to  vaiy  with  the  tonperature ;  the  equations  here 
ghren  represent  what  takes  place  at  ofdioary  temperatures  (below  6c^C). 
The  conversion  takes  place  in  two  stages ; 

MalioMt  Dcjmiii. 
^  3(CH»0<)-l-HtO«CttH«On+C.U»0«; 

Dextrin.  Maltow. 

by   2  (C,H|«0«)  +  H,0  =  CaHaOu  (von  Mering) ; 

if  die  action  be  long  continued  the  maltose  is  converted  into  dextrose 
accofding  to  O'Sullivan, 

CttHaO„  +  H,0  =  2  (C.HuO,), 

but  Brown  and  Heron  have  failed  to  confirm  this  statement 
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3,  UiA  decomposidon  of  glucosidcs ; 

AunUh,  on  «r  Bitter  Alnndiu    PMcadd.  GluooM. 

C»H«N0n+3  HtO       »CrH,0         +  HCN  -f  3  (QH^OO : 

3,  the  conversion  of  cane-sugar  into  glucose ; 

Ci.H^O„  +  H,0  =  CH,:0,  +  C,H„0, : 

it  was  long  thought  that  the  product  was  a  substance  termed  "inverted 
cane-sugar";  Dubrunfaut,  however,  pointed  out  that  it  is  a  mixture  of 
dextrose  and  Irevulose  ;  it  rotates  the  plane  of  polarization  to  the  left  on 
account  of  the  mure  puvvcrfiil  optical  properties  of  the  laivulose. 

4,  the  decompobiUon  of  fatb  i^giycci  »des) ; 

Oleln.  Oleic  acid.  Glycerta. 

C,:H,^0«  +  3  H-O  =  3  CjsH;hOo  +  CalLO,. 

No  equation  can  be  given  of  the  conversion  of  insoluble  proteid  into 
peptone  for  the  formula  of  proteid  is  not  known. 

For  the  sime  reason  no  equation  can  be  given  of  the  prodtiction  of 
amides  from  proteid  by  ferment-action.  It  appears  that  in  pancreatic 
digestion  the  first  step  is  the  formation  of  peptone,  and  that  the  peptone 
then  undergoes  decomposition  ;  leucin  and  tyrosin  arc  the  principal 
products,  and  aspartic  acid,  bodies  bclui.ging  to  the  xanthin  giuup  an 
aromatic  acid,  and  certain  little-known  substances,  are  also  formed. 

The  action  of  the  ferments  of  plants  is  considerably 
affected  by  external  conditions.  For  instance,  it  was  pointed 
out  above  that  the  action  of  a  diastatic  ferment  on  staidi  is 

not  the  same  at  different  temperatures,  and  il  has  been  found 
that  there  are  limits  of  temperature  above  and  below  which 
the  action  does  not  take  place  at  all.  This  is  doubtless  true 
of  the  action  of  all  ferments.  Again,  Baranetzky  has  ob* 
served  that  the  diastatic  ferments  are  only  active  when  the 
liquid  in  which  they  are  dissolved  has  a  distinct,  but  not  too 
strong,  acid  reaction,  a  condition  which  is  also  essential  in 
the  case  of  the  peptic  ferments.  Further,  it  appears  that 
the  presence  of  free  oxygen  is  of  importance  in  the  case 
of  the  diastatic  ferments :  thus  Wortmann  observed  that 
Bacteria  do  not  convert  starch  into  sugar  in  the  absence 
of  free  oxygen,  and  Baranetzky  found  that  a  solution  of 
freshly  prepared  extract  (of  leaves  of  MeHofitkus  major,  also 
of  potato-tubers)  was  inactive,  whereas  after  standing  for 
a  feu  days  its  action  upon  starch  was  rapid.  But  it  is 
probable  that  tliese  conditions  affect  rather  the  formation 
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than  the  action  of  the  ferment.  With  the  foregoing  observa- 
tions those  ot  iiiuv,  II  and  Heron  and  of  Atkinson  are  doubt- 
less to  be  connected.  Brown  and  Heron  observed  that  the 
diastatic  action  of  malt-cxtract  is  much  increased  after  the 
addition  of  Yeast,  and  Atkinson  has  made  similar  observa* 
tions  on  rice  when  attacked  by  a  certain  Mould  (apparently 
a  Eurotium).  It  appears  from  all  these  focts  that  the  format 
tion  of  the  ferment  depends  upon  the  decomposition  of  some 
mother-substance,  a  zymogen,  probably  a  proteid.  This  de- 
composition is  pronintc  d  in  an  organ  by  the  presence  of  an 
acid,  and  by  the  presence  of  oxygen  ;  when  the  zymogen  has 
been  extracted  from  the  organ  (as  in  the  case  of  malt- 
extract),  or  when  the  organ  has  been  killed  (rice),  it  may  be 
effected  by  another  organism  altogether. 

The  ferments  may  be  obtained  by  the  following  methods.  Baranetzky 
extracted  the  seeds  or  other  parts  of  plants  with  water  for  about  half  an 
hour;  if  much  fat  or  chiorupliyii  were  present  the  material  was  first 
extracted  with  a  mixture  of  ether  and  alcohol,  then  pressed  and  left  to 
dry )  the  watery  extract  was  filtered  and  then  precipitated  with  strong 
alcohol;  when  the  precipitate  had  collected  the  alcohol  was  decanted, 
and  the  precipitate  was  washed  with  weaker  alcohol  (about  85  per  cent) 
to  remove  all  traces  of  sugar ;  the  precipitate  was  collected  on  a  filter 
and  treated  with  water ;  the  clear  filtrate  contained  the  ferment  in  solu- 
tion. Another  method  is  to  extract  the  material  with  glycerin,  after 
having  treated  it  for  48  hours  with  strong  alcohol, ;  the  glycerin-extract  is 
then  to  be  strained  and  allowed  to  drop  into  a  tall  cylinder  containing  a 
mixture  of  8  parts  of  alcohol  to  l  of  ether ;  a  precipitate  is  formed  which 
is  to  be  kept  for  some  days  in  alcohol,  and  then  treated  with  glycerine 
which  dissolves  the  greater  part  of  it ;  the  glycerin-solution  is  then 
precipitated  as  above  by  alcohol,  the  precipitate  beincr  the  nearly  pure 
ferment  which  was  rcndily  soluble  in  both  glycerin  and  water.    It  was  by 
this  method  that  von  Gorup-Besanez  attempted  to  extract  f« nncnt  from 
seeds  (see  p.  173),  but  it  is  doubtful  if  he  extracted  anything  but  peptone. 

But  there  are  certain  chemical  changes  which  we  are 

unable  to  account  for  in  either  t>r  the  above-mcntioiiccl  ways  : 
these  are  the  fcriticutations,  which  we  usually  associate  witli 
the  life  of  lowly  Fungi,  such  as  Yeast  and  Bacteria.  It  is 
difTicult  to  believe  that  the  suj^ar  which  is  decomposed  by 
Yeast  into  carbon  dioxide  and  alcohol,  that  the  alcohol  which 
is  converted  into  acetic  acid  by  the  Mycoderma  ActHt  that  the 
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proteids  which  undergo  putrefaction  in  the  presence  of  Bac- 
teria, are  assimilated  by  these  organisms,  that  they  are  built- 
up  into  living  protoplasin,  and  that  the  characteristic  products 
of  the  decomposition  of  these  substances  are  set  free  in  oonse* 
quence  of  the  self-decomposition  of  the  protoplasm-molecules 
of  the  organisms,  for  the  weight  of  the  organisms  formed  is  but 
a  small  fraction  of  the  weight  of  the  sul>  tances  decomposed 
in  these  processes.  Taking  the  alcohoh'c  fermentation  for 
example^  Pasteur  has  shewn  that  for  a  weight  a  of  Yeast-celb 
formed,  a  weight  of  lOO  a  or  more  of  sugar  may  be  decomposed, 
and,  if  similar  determinations  were  made  with  respect  to  the 
other  fermentations^  the  result  would  probably  be  the  same. 
Nor  is  it  more  easy  to  believe  that  these  or^nisms  contain 

substances  of  the  nature  of  unnrL^aniscU  ferments  which  effect 
the  che[nical  chan./es  })ecLi]iar  to  them  ;  that  Yeast,  for  in- 
stance, contains  an  unorganised  ferment  which  is  capable 
of  decomposing  sugar  into  carbon  dioxide  and  alcohol,  or 
that  Bacteria  contain  some  sort  of  trypsin  by  means  of  which 
they  decompose  proteids  As  a  matter  of  fact  all  attempts 
to  extract  such  substances  from  Yeast  and  Bacteria  have  met 
with  no  success,  and,  when  we  bear  in  mind  that  these  fermen- 
tations only  go  on  in  the  presence  of  living  organisms,  the 
existence  of  such  substances  is  rendered  extremely  impro- 
bable.   It  is  urged,  however,  by  those  who  hold  that  the 
fermentations  are  effected  by  unoiganised  ferments  produced 
by  the  organised  ferments^  that  these  unorganised  ferments 
may  be  extremely  unstable  and  that  their  formation  may 
only  go  on  so  long  as  the  organised  ferment  is  living.  But 
this  suggestitni  by  no  means  accords  with  our  present  know- 
ledge of  unorganii.cd  ferments,  for  they  have  been  found  to 
be  remarkably  stable ;  we  must  therefore  regard  this  interpre- 
tation of  the  phenomena  of  fermentation  as  higlily  hypo- 
theticaL 

But  if  we  reject  these  two  explanations  of  the  nature  of 
fermentation,  what  other  more  satisfactory  explanation  can 

be  offered  ?  It  seems  to  be  a  fair  and  unstrained  inference 
from  the  facts  before  us,  that  living  protoplasm,  besides 
undergoing  decomposition  itself  can  induce  decomposition 
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in  certain  substances  which  are  brought  within  the  sphere 
of  its  influence,  though  we  can  give  no  satisfactory  account 
of  the  mode  in  which  such  decomposition  is  effected,  any 
more  than  we  can  of  the  mode  in  which  unorganised  ferments 
act»  or  of  the  mode  in  which  the  decomposition  of  protoplasm 
itself  is  brought  about  We  may,  for  the  sake  of  precision, 
term  this  the  fermmtaiwe  action  of  protoplasm,  and  though 
we  usually  associate  fcriiiciitative  action  with  the  so-called 
organised  ferments,  such  as  Yeast  and  liacteria,  it  is  by  no 
means  peculiar  to  them,  for,  as  will  be  shewn  hereafter,  it  is 
manifestly  exhibited  by  all  living  plant-cells  when  placed 
under  appropriate  conditions.  , 


The  char  icteristic  accuii^paniment  of  the  destructive  meta- 
bolism of  plants,  as  of  all  living  organisms,  is,  under  normal 
conditions,  that  interchange  of  gases  between  the  plant  and 
the  surrounding  atmosphere  which  has  already  been  mention- 
ed (Lect.  v.,  p.  8 1)  as  Respiration,  and  which  consists  in  the 
absorption  of  oxygen  and  the  evolution  of  carbon  dioxide, 
an  interchange  which  is  precisely  the  converse  of  that  which 
accompanies  the  constructive  metabolism  of  green  plants. 
Carbon  dioxide  is  not,  however,  the  only  respiratory^  excre- 
tum,  for  de  Saussurc,  and,  more  recently,  Laskuwsky  have 
shewn  that  watery  vapour  is  also  exhaled  in  the  respiration 
of  plants.  Respiration  involves,  therefore,  a  loss  of  weight  to 
the  plant,  inasmuch  as  the  absorbed  oxygen  is  given  off  in 
the  excreted  carbon  dioxide  and  water. 

The  following  illustration  of  the  loss  in  weight  which  is  involved  by 

respiration  is  taken  from  Houssingault. 

Forty-six  grains  of  \vlv:at  were  sown  on  ^Tny  5:  the  seedlings  were 
reaped  on  June  25,  having  been  in  darkness  all  the  time. 

At  the  commencement  „   .  _ 

.  .  ,  .      Total  Dry 

of  the  expt.  the  grains  wdght     c.       h.       o.       n.  Ash. 
consisted  of    .  .   .   1*665  0758  0  095  0718  0-057  ox>3Sgrm8. 

At  the  end  of  the  expt 
the  seedlings  con- 
sisted of  0712  0293  0-043  <^'^?7  0038  gnns. 


Loss  during  experiment  0  953  0  465  0*052  0*436  otxso  01000  grma.> 

13-2 
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It  is  comparatively  easy  to  detect  the  evolution  of  caibon 
dioxide  by  plants  \v'hich  arc  not  green,  and  even  of  those 
which  are  green  when  they  are  not  exposed  to  light.  When 
a  green  i>lant  13  exposed  to  l^ht  the  gaseous  interchange 
which  is  tile  expression  of  its  constructive  metabolism  is  so 
much  more  considerable  than  that  which  accompanies  its 
destructive  metabolism,  that  (as  pointed  out  in  Lecture  v., 
p.  79)  the  former  obscures  the  kilter.  Still,  as  the  researches 
of  Garreaii  shew,  the  respiration  of  green  plants  can  be  de- 
tected even  in  tlie  presence  of  light.  In  order  to  avoid  the 
disturbing  influence  of  the  action  of  light  experiments  upon 
respiration  are  usually  conducted  in  the  dark.  It  may  be 
assumed  that  all  the  experiments  which  will  be  cited  below  as 
illustrations  were  performed  in  the  dark»  unless  the  contrary 

is  expressly  stated. 

The  respiration  of  yoiinq-  organs  is,  in  general,  more  con- 
siderable than  that  of  old  ones,  for  it  is  in  young  organs 
(germinating  seeds,  leaf-buds,  etc)  that  the  metabolic  pro- 
cesses of  which  respiration  is  an  expression  are  being  most 
actively  carried  on.  In  the  case  of  flowers^  in  which  respira- 
tion is  especially  energetic  (as  compared  with  leaves,  for 
example),  de  Saussure  states  that  they  respire  more  actively 
when  fully  expanded  than  when  in  the  bud;  this  increased 
respiratory  activity  is  doubtless  connected  with  the  process  of 
fwtilisation  or  with  the  preparation  for  it 

.  We  will  b^in  our  study  of  respiration  by  endeavouring  to 
ascertain  in  how  far  the  exhalation  of  carbon  dioxide  and  of 
watery  vapour  is  related  to  the  absorption  of  oxygen. 

In  considering  the  constructive  metabolism  of  a  green 
plant  uaUei  the  influence  of  light  wc  f(juiid  tlial  the  volumes 
of  carbon  dioxide  absorbed  and  of  oxygen  exhaled  arc  ap- 
proximately equal,  and  we  could  account  for  this  equality  on 
ascertaining  the  nature  of  the  chemical  processes  in  operation 
in  the  chlorophyll-cofpuscles*  But  there  is  no  such  constant 
relation  between  the  volumes  of  carbon  dioxide  exhaled  and 
of  ox3^en  absorbed  in  respiration,  and  the  processes  of  de- 
structive mclabuh^m  are  so  complex  that  we  cannot  account 
lor  the  relation,  whatever  it  may  be,  between  the  volumes  of 
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these  phases  in  any  particular  case.'  We  may,  in  fact,  say  that 
the  evolution  of  carbon  dioxide  is  not  directly  connected  with 
the  absorption  of  oxygen,  for  it  has  been  found  that,  in  the 
absence  of  free  oxygen,  Yeast  can  decompose  sugar  with  evo- 
lution of  carbon  dioxide,  that  Bacteria  can  do  the  same  with 
proteids,  and  that  fruits,  and  seeds,  and  opening  flowers  con- 
tinue to  exhale  carbon  dioxide  for  a  time :  and  again,  it  has 
been  found  by  de  Saussure,  by  Mayer,  and  by  Deh^rain,  that 
plants  may  absorb  oxygen  without  exhaling  any  perceptible 
quantity  of  carbon  dioxide. 

The  organs  which  have  been  found  to  be  capable  uf  absorbing  oxygen 
without  ail  accompanying  evolution  of  carbon  dioxide  are  succulent 
leaves,  such  as  those  of  Agave  (Deh^rain),  of  Saxifiragacese  and  Crassu- 
lacese  (Mayer),  and  stems,  such  as  those  of  Cactti  and  fruits  (de  Saus- 
sure). The  following  tabk  refers  to  an  experiment  of  de  Sanisimfs  with 
Opunda.  A  segment  of  the  stem  was  placed  in  a  dosed  receiver  coo- 
taising  air,  and  was  left  aU  night;  on  the  following  morning  the  valume 
of  the  air  was  found  to  be  diminished  by  79  cc. 

The  air  contained  at  the  commencement  of  the  experiment  198  cc.  O 

conclusion        „        „  119  O 


*  vVmount  oi  O  absorbed  79 

Hence  the  amount  of  O  absorbed  exacUy  corresponded  to  the  diminu- 
tion in  volume  which  the  air  in  the  receiver  had  undergone.  Mo  CO, 
could  be  detected  in  the  receiver.  These  resolts  will  be  considered 
subsequendy. 

It  has  been  found,  however,  in  most  instances  that,  at 
ordinary  temperatures,  the  volume  of  carbon  dioxide  exhaled 
is  approximately  equal  to  the  volume  of  oxygen  absorbed. 

In  illustration  we  may  cite  the  following  experiments : 
I.  'With  Fungi  (Marcet). 

Three  Lycoperdons,  weighing  72  grains,  were  left  in  A  dosed  receiver 
containing  100  cc.  of  air  for  six  days. 

Composition  of  the  air.      At  the  comincDcemeat.      At  the  end  of  the  experiment. 

N  79*0  cc.  7910  cc. 

O  21'0  „  l8x>  n 

CO.  00^  „  310  , 

1000  lod^  „ 
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2.    With  e^crminatincf  seeds  f'de  Saussurc)i 

24  grains  of  Wheat  were  left  Cor  21  hours  in  a  closed  receiver  contain- 
ing air. 

CwnpoMtion  of  the  air.      At  the  commeacetucaL 
N  148  84  CO. 

O  39  86  „ 

CO,  o'oo  „ 


Ax  the  end  of  the  experiflieat. 

I48-32  c.c. 
37  44  „ 
2  47  » 


18870  „ 
With  leaves  in  air  (Bousstngault). 


18813  n 


Dmitloii  of 

0 

CO, 

expt. 

absorbed. 

evolved. 

31  hours 

Oleaiuier 

18  3 

19  60  C.C,  (several  leaves) 

U  n 

da 

S'40 

810  M  (oneleaQ 

»  w 

do. 

280 

2  60  „  „ 

"  Jt 

do. 

2  00 

I  80  „  „ 

4  ft 

da 

1*31 

»  57  »  » 

It  would  be  easy  to  add  to  this  list  out  of  the  very  larg^e 
number  of  experiments  of  this  kind  which  have  been  made, 

but  further  illustration  is  unnecessary. 

There  is  evidence  to  shew  that  variations  of  temperature 
affect  tlie  relation  between  the  volumes  of  the  gases  ab- 
sorbed and  exhaled.  As  r^ards  the  absorption  of  0x3^011, 
it  has  been  observed  by  von  Woikoff  and  Mayer,  that  this 
takes  place  to  a  sl^ht  extent  at  a  vety  low  temperature^  and 
that  it  increases  as  the  temperature  is  raised  up  to  a  certain 
degree  ;  any  further  rise  of  temperature  is  accompanied  by  a 
diminished  absorption  of  oxygen. 

Trvp^iim  ma/MS, 

5  seedlings  absorbed  t3r6o  ac.  O  per  hour  at  a  temp,  of  22*4*  C 


n 
» 

M 
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0*91 
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t» 
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w 
n 
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n 
Iff 


M 
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If 

ft 


37^  j» 

35^  If 


Wheat 

4  teedUngt  absorbed  0*10  cc.  O  per  hour  at  a  temp»  of  1516*  C 

01038        n         n         n  4  4* » 

0*067        n  n         n  9  8* « 

ot>88  „  n 

i> 
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With  regard  to  the  evolution  of  carbon  dioxide,  it  has  been 
found  that  it  is  smaller  at  low  temperatures  than  the  absorp- 
tion of  oxygen,      more  considerable  at  higher  temperatures. 

Pedersen  determined  the  amount  of  CO.  evoh  cd  b)  Barley--seedlings : 

at  4*5^  C.  they  evolved  per  hour  9  5  mgr.  C0». 
„  8-i»  „  „   •    IO-8  „ 

I5*3'  n  If       J6-S  ^ 

Similar  detmniiiatloiit  were  made  bjr  Risehawi  with  Whcat«-icedliBgf; 
at  s*C  thejrevolvad  per  hour  3*50  mgr.  CO^ 


n  V* 

n 

5*38 

ft 

ntf 

t» 
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9^ 

t* 

n  ^ 

M 

.  » 

12*54  • 

t* 

*» 

17*83 

n 

ny^ 

n 

i» 

n 

nit 

» 

•  u 

38*38 

ft 

n4^ 

If 

i» 

37*^ 

Deh^in  and  Moissan  experimented  with  leaves : 

100  grxnes.  of  leaves  of  Sinafiis  alba 

evolved  in  10  hours  o'24o  grme  COj  at  a  temp.  14*  C. 


M 

J* 

9P  • 

T» 

0720 

it 

3»V, 
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ti 
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tt 
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tr 
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it 
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ft 

99 

n 

» 

0703 

a 

tt 

30^  » 
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»♦ 
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tt 
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tt 

tt 

40*,, 

It  appear'^  thmt  in  the  experiment  with  leaves  of  Sinq^is  aida  at 
C,  the  optimum  temperature  had  been  surpassed. 


We  may  further  illustrate  this  poiiu  by  some  of  Moiisaii's  results. 


Vol.  of  0 

VoLofCOb 
flvolvsd  Id  Mnm 

Tcinpe* 

10  gnoDcs  petab  of  Yellow  Ttifip 

II73CX. 

7'4i  ex. 

ff           ft  n 

irs6  If 

9^5  If 
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»           »  » 
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If               n  » 
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A  consideration  of  the  foregoing  figures  shews  that  the 
absorption  of  oxygen  and  the  evolution  of  carbon  dioxide  arc 
differently  affected  by  variations  of  the  temperature.  This 
may  be  stated  in  a  general  manner  thus :  that  at  a  low  tem- 
perature the  absorption  of  oxygen  is  more  active  than  the 
evolution  of  carbon  dioxide,  whereas  at  a  high  temperature 
the  absorption  of  oxygen  is  less  active  than  the  evolution 
of  carbon  dioxide.  This  suggests,  and  Moissan  has  actually 
stcitcd,  thai  fur  every  organ  there  is,  generally  speaking,  a 
degree  of  temperature  at  which  the  volumes  of  the  oxygen 
absorbed  and  of  the  carbon  dioxide  exhaled  arc  equal. 

Although,  as  we  see,  the  relation  between  the  absorption 
of  oxygen  and  the  exhalation  of  carbon  dioxide  is  so  variable 
that  we  may  conclude  that  the  one  is  independent  of  the 
other,  yet,  under  normal  conditions,  the  presence  of  free 
oxygen  promotes  certain  processes  of  destructive  metabolism 
of  wliich  the  cxha.lation  of  carbon  dioxi  Ic  is  dii  expression. 
For  example,  Wilson  has  observed  that  when  seedlings  are 
deprived  of  oxygen,  the  amount  of  carbon  dioxide  which  they 
•exhale  is  diminished,  and  similar  observations  have  been 
made  by  Broughton  and  by  Wortmann. 

\Vc  may  cite  some  of  the  results  of  these  observers  in  illustration. 
Wilson  experimented  wilh  ^craiinating  seeds  of  Lupinas  latcus^ 
measuring  the  COg  evolved  when  the  seeds  were  in  air  and  in  hydrogen. 

'   I  Period— Air  (ist  half-hour  57  mgms  of  COi  evolved. 


11.  Period—Hydrogen 
in.  Period— Air  |^ 


»  .     ''5  I*  ^ 

»  '*5  »»  »> 

5th       „  39  „  „ 

,6th      ,,  57  M  » 


The  foUowing  are  some  of  Wortmaim's  results  which  tend  to  prove 
the  point  in  question,  but  which  he  has  interpreted  differently. 

.  I.  The  mean  of  a  number  of  experiments  made  with  geinun  iting 
seeds  in  the  presence  or  absence  of  free  O,  shews  that  the  presence  ol  O 
promotes  the  exhalation  of  CO2. 

Average  amount  of  CO3  evolved  by  i  gramme  of  seed  in  i  hour  in 
presence  of  free  0,  '0995  ccm. 

Average  amount  of  CO^  evolved  by  i  gramme  of  seed  in  r  hour  in 
absence  of  free  0»  '085$  ccm. 
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2.  When  seeds  are  deprived  of  iree  oieygen  the  unouiit  of  CO^  which 
they  exhale  gradually  diminishes. 

Seeds  of  Vtcia  Faba  exhaled,  m  a  TorriccUiaa  vacuum,  for  each 
l^ranune  weight. 

During  the  ist  hour,  0*124  c*ciii.  COa 

„        2nd   „  01 17  „ 

„        4th   „  0098  „ 

„  5th    n    0071  „ 

„  6th  „  0071  „ 
„        7th   „  0066  „ 

BiougfatOQ  obtafaicd  the  fbOowmg  lesdlti  with  leaves  of  the  Box : 
5  gnunines  of  leaves  were  placed  under  two  bell-jars  over  water,  the  one 
fimtamtng  air,  the  other  nitrogen;  the  amounts  of  COt  in  cubic  centi- 
metres evolved  in  34  hours  are  given  in  die  column^  headed  <*Air''  and 
'^Nitrogen.*' 


Tfam. 

iUn. 

• 

ist  34  hours 

7'li 

5*97 

I'M 

and  „ 

474 

398 

076 

3rd  „ 

4-38 

374 

1-64 

4th  n 

2*79 

2 '40 

o'39 

5th  n 

1-86 

I -61 

0*25 

2  32 

2  07 

025 

7th  „ 

1*53 

1*39 

0*34 

8th  0 

1*23 

113 

0109 

9^  If 

1109 

0*00 

Hie  gradual  decrease,  hi  both  cases,  hi  the  volnme  of  CO|  exhaled  is 
doe  to  the  diminUhed  vitality  of  the  leaves  in  consequence  of  tfaeur  aepa* 
ration  finom  the  plant 


In  concluding  our  consideration  of  respiration,  we  may 
enquire  whether  or  not  the  gaseous  interchange  of  the  plant 
is  affected  by  variations  of  the  proportion  of  oxygen  in  the 

surrounding  atmosphere.  It  appears  from  the  researches  of 
Rischawi  and  of  Godlewski  that  the  relation,  whatever  it  may 
be,  between  the  amount  of  oxygen  actually  absorbed  and  that 
of  the  carbon  dioxide  evolved,  is  unaffected  by  variations  in 
the  composition  of  the  atmosphere,  except  when  those  varia- 
tions are  so  great  as  materially  to  affect  the  absorption  of 
oxygen  (see  p.  74).  .  . 
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We  may  briefly  mention  here  that  the  tnoiganic  sub- 
stances  which  are  absorbed  by  a  plant  may  materially 
affect  its  respiration.    Kellner  has  observed,  for  i 

that  when  gcriuiiialing  seeds  were  supplied  with  potassium 
nitrate,  they  absorbed  it,  and  they  exhaled  considerably  more 
carbon  dioxide  than  others  which  were  not  supplied  with 
the  salt.  He  concludes  that  the  oxygen  which  would  be  set 
free  in  the  plant  in  consequence  of  the  reduction  of  the  ab* 
sorbed  nitric  acid  serves  to  promote  oxidation  and  thereby 
the  exhalation  of  carbon  dioxide  as  well. 

He  dctennincd  the  relative  amounts  of  carbon  dioxide  exhaled  to  be 
as  follows : 

to  grammes  of  peai        fal  dbtillMl  vaiar        b  tdlatMVoT  KNO,. 

Exhaled  in  5  days        0*3869         0*4296  gnn.  CO^ 
The  peas  in  the  sptudon  of  KNO3  absofbed  0*1068  gramme  NsOf. 

It  must  be  remarked,  however^  that  Kellner^s  results  are 

not  conclusive  as  regards  the  effect  of  the  oxygen  contained 
in  the  nitric  acid.  It  is  quite  possible  tliat  the  effect  of  the 
salt  may  have  been  to  promote  the  metabolic  activity  of  the 
seeds  including  the  absorption  of  oxygen  from  the  air. 

We  have  now  to  endeavour  to  ascertain  what  is  the  re- 
lation  of  the  absorbed  oxygen  and  of  the  evolved  carbon  • 
dioxide  to  the  metabolic  processes,  and  we  will  begin  with 
the  self-decomposition  of  the  protoplasm.  We  may,  at  the 
outset,  make  the  general  statement  that  the  continual  ab- 
sorption of  oxygen  is  essential  to  the  existence  of  living 
organisms  (with  certain  exceptions  which  we  shall  notice 
hereafter),  and  that  in  the  absence  of  such  a  supply  of  oxygen 
they  cease,  within  a  longer  or  a  shorter  time,  to  exhibit  those 
phenomena  in  virtue  of  which  we  call  them  living,  in  a  word, 
th^  die.  Death  under  these  circumstances  is  to  be  attributed 
to  the  arrest  of  the  metabolic  processes  which  are  accompanied 
by  the  evolution  of  energy  in  the  organism,  and  of  these 
by  far  the  most  important  is  the  self-dccoinjjosition  of  the 
protoplasm.  It  appears,  then,  that  the  absorption  of  oxygen 
is  essential  to  the  self-decomposition  of  the  protoplasm* 
moleculCt   It  is  of  course  impossible  to  make  any  final  state- 
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ment  as  to  the  mode  in  which  the  oxygen  affects  this  process;, 
but  we  may  provisionally  accept  Pfliiger's  view  that  the 
absorbed  oxygen  enters  into  the  protoplasm-molecule  as 
^intraunolecular"  oxygeiit  that  die  molecule  is  thereby 
rendered  unstable^  and  that  it  readily  undergoes  decompo- 
sition, carbon  dioxide  and  water  being  amongst  the  products 
formed.    It  must  not,  however,  be  assumed  that  the  pro- 
tojjlasni-inolecule  which  has  taken  up  oxygen  at  once  un- 
deiigoes  decomposition,  and  that  the  carbon  dioxide  evolved 
in  any  given  short  period  of  time  actually  contains  oxj^gen 
absorbed  during  that  period.   It  has  been  shewn  above  that 
there  is  not  necessarily  any  definite  relation  between  the 
volumes  of  oxygen  absOfiied  and  of  carbon  dioxide  exhaled 
in  a  given  time,  and  from  this  we  may  infer  that  there  is 
no  definite  relation  between  the  taking  up  of  oxygen  by 
the  protoplasm-molecule  and  its  decomposition.    This  in- 
dependence is  well  illustrated  by  the  statement  made  above 
coooemli^  the  nature  of  the  respiratory  interchange  of  gases 
at  diiflferent  temperatures*  to  the  effect  that  the  absorption 
of  ox3fgen  is  relatively  greater  at  low  temperatures,  and  that 
the  evolution  of  carbon  dioxide  Is  relatively  greater  at  high 
temperatures.    Since  it  is  known  that  a  high  temperature 
promotes  the  processes  of  destructive  metabolism,  we  find 
the  significance  of  this  statement  to  be  that  at  a  low  tem- 
perature the  storing -up  of  intnmolecular  oxygen  is  relatively 
more  active  tium  the  decomposition  of  the  protoplasm- 
mdecules,  iriiereas  at  a  high  temperature  the  converse  is  the 
case.   We  can  readily  tma^ne  that  for  each  organ  there 
is  a  temperature  at  which  these  processes  are  equally  active, 
and  at  which,  therefore,  the  volumes  of  oxygen  absorbed  and 
of  carbon  dioxide  evolved  are  approximately  eqiiai;  tliis 
equality  in  the  volumes  of  the  gases  has  been  frequently 
determined  as  pointed  out  above  (p.  19;^). 

It  has  been  founds  however,  that  Uie  relatioii  between  the 
volumes  of  the  gases  depends  very  nradi  upon  tiie  nature 
of  the  non-nitrogenous  organic  substances  present  in  the 
organ  which  serve  as  plastic  material  for  the  reconstruction 
.of  protoplasm.   It  is  only  when  the  organ  contains  carbo* 
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hydrate  that  the  volumes  of  oxygen  absorbed  and  of  carbon 

dioxide  exhaled  by  it  are  found  to  be  equal.  It  has  been 
su(Tcrcsted  that  this  equivalence  of  volume  is  due  to  the  oxi- 
dation of  carbohydrate  to  carbon  dioxide  and  water^  accord- 
ing to  the  equationi 

C|HttO«-|.60,-6  CO«4*6  H«0, 

for  it  has  been  found  that  the  loss  of  wci^lit  which  a  starchy 
seed,  for  example,  undergoes  during  germination  can  be 
accounted  for  by  the  disappearance  of  starch. 

Thus  Sacbsse  made  the  following  determinations  with  peas : 

Diy  weight  of  peas  at  commencement    too  gnummcs* 
„     f,     after  184  hours'  geimuiation  92*54  ^ 


Loss  7*46 

The  peas  conuifled  Before  genninaiion.      After  germinauon. 

Fat                                      a'27  203 

Dextrin             .            6*50  5 '41 

Cdltdose                      7' 1 3  810 

Starch                        42*44  33*43 

Undetermined  substances  1376  15*74 

Proteids                     aj'ia  23*71 

Ash                           4*08  4*08 


100*00  92*50 


If,  in  the  case  before  us,  we  deduct  from  the  amount  of 
starch  lost  (9  grammes}  b\-  the  gcniiiiiating  seeds  the  amount 
of  starch  which  is  represented  by  the  gain  in  cellulose  and  in 
the  undetermined  substances  (say  2  grammes),  we  arrive 
approximately  at  the  total  loss  of  weight  (7*46  grammes). 

Though  this  appears  to  be  a  plausible  explanation  of  the 
loss  of  weight  in  these  cases,  yet  it  is  extremely  doubtful  if 
such  couiplcle  oxidation  as  that  assumed  by  tin's  mode  of 
reasoning  ever  occurs  in  a  plant.  We  should  exjject  to  find 
that  respiration  would  be  most  active  in  organs  rich  in  non- 
nitrogenous  organic  substances;  but  this  is  not  the  case. 
Garreau  has  found,  on  the  contrary,  that  respiration  is  most 
active  in  organs  which  are  rich  in  protdds.  The  following  is 
a  view  which  is  more  in  aooordanoe  with  our  general  know- 
ledge of  the  nature  of  the  metabolic  processes.   We  have 

Digitized  by  Google 


THE  METABOLISM  OF  PLANTS.  20$ 

just  learned  that  the  evolution  of  carbon  dioxide  in  normal 
metaboUstn  is  to  be  attributed  to  the  oxidation  and  decom- 
position of  protoplasm,  the  ciccomposcd  protoplasm  breaking 
up  into  nitrogenous  and  non-nitrogenous  (especially  carbon 
dioxide  and  water)  substances  of  simpler  composition,  and 
that,  under  ordinary  conditions,  the  volume  of  carbon  dioxide 
evolved  in  a  given  time  is  approximately  equal  to,  or  rather 
smaller  than,  the  volume  of  oxygen  absorbed.  But  if  this 
pracess  were  to  go  on  without  any  corresponding  constructive 
process,  the  whole  of  the  protoplasm  would  in  a  short  time 
be  decomposed.  We  already  know,  however,  that  the  plant 
can  construct  protoplasm  from  the  nitrogenous  residues  of 
previous  decomposition  toc^etlier  with  carbohydrates,  and  it 
is  shewn  by  Sachsse's  analysis  that  the  amount  of  proteid 
matter  in  the  peas  was  approximately  the  same  after  as 
before  germination.  It  is  evident  therefore,  that  a  con- 
struction of  protoplasm  must  have  accompanied  the  germi- 
nation, and  it  is  an  obvious  inference  that  this  construction 
of  protoplasm  was  effected  at  the  expense  of  the  starchy 
reserve-materials.  The  absorption  of  oxygen  and  the  evolu- 
tion of  carbon  dioxide  by  the  seed  is,  then,  to  be  attributed 
to  the  oxidation  and  decomposition  of  protoplasm,  and  the 
disappearance  of  starch  is  due  to  its  having  been  used  in  the 
reconstruction  of  protoplasm. 

This  explanation  is  not  only  satisfactory  -as  r^ards  this 
special  case,  but  it  enables  us  to  account  also  for  certain  facts 
which  wc  shall  now  consider.  It  has  been  already  mentioned 
(p.  173)  that  the  germination  of  an  oily  seed  is  accompanied 
by  a  disappearance  of  fat  and  a  formation  of  starch,  and  it  has 
been  observed,  first  by  de  Saussure  and  subsequently  by  many 
others,  that,  in  the  course  of  germination,  the  absorption  of 
oxygen  by  these  seeds  is  very  much  greater  than  the  exhaia*- 
tion  of  carbon  dioxide.  In  the  early  stages  of  germination, 
according  to  Godlewski,  this  is  not  the  case;  it  is  only  when 
fat  is  being  replaced  by  starch  at  the  time  when  the  radicle  is 
beginning  to  protrude  that  the  inequality  of  volume  first 
manifests  itself,  and  it  gradually  diminishes  as  the  fat  disap- 
pears from  the  seed. 
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Some  examples  of  tlie  gaseoits  itttetthaiifo  accotapanyiog  the  geniii> 
nation  of  otty  aeeda  are  given  on  page  76:  we  may  add  some  of  Deli^- 
rain's  and  Moissan*s  determinations. 


TiBM. 

Odbiai 

COaevohrad. 

Colza 

9  days 

20 

cc. 

11*3  C.C 

Linseed 

3  » 

2974 

n 

14  42  n 

ft 

fl  tf 

20*28 

If 

14*41  n 

»» 

979 

f* 

4'9I  »» 

With  regard  to  the  replacement  of  oil  by  starch  we  may  cite 
Detmer's  analysis  of  Hemp-seed  (see  also  p.  175) 


After  germinatioo. 

Fat 

32-65 

1709 

Starch 

000 

8-64 

Prole  ids 

25*06 

23*99 

Undeicrmined  substances 

21-28 

26- 1 3 

Cellulose 

i6-$i 

1654 

Ash 

450 

450 

100100 

96*89 

Loss  of  weight  during  germination  (CO,  and  HfO)    3*1 1 

10000 

We  see,  then,  that  fat  which  is  relatively  poor  in  oxygen 
(oiein  contains  10  86  per  cent)  is  replaced  by  starch  which 
is  relatively  rich  in  oxygen  (49*38  per  cent^  a  process  which 
necessarily  involves  the  fixation  of  oxygen.  Now  we  already 
know,  and  we  shall  shortly  reconsider  the  point,  that  starch  ts 
formed  from  protoplasm.  The  processes  which  attend  the 
early  stages  of  the  germination  of  an  oily  seed  may  be  briciiy 
stated  thus;  protoplasm  undergoes  decomjxjsitioii  to  form 
starch,  and  the  continued  formation  of  starch  depends  upon 
the  reconstruction  of  protoplasm  from  the  nitrc^enous  resl* 
dues  of  previous  decomposition  together  with  some  form  of 
non-nitrc^enous  organic  substance ;  the  non-nitrogenous  sub- 
stance in  question  is  fat,  and,  inasmuch  as  fat  contains  less 
oxygen  than  starch,  oxygen  is  absorbed  from  without  and 
fixed  :  at  the  same  time  the  decomposition  of  the  protoplasm 
involves  an  evolution  of  carbon  dioxide.  When  the  fat  has 
been  replaced  by  starch,  the  volumes  of  oxygen  absorbed  and 
of  carbon  dioxide  exhaled  become  approximately  equaL 
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We  are  now  In  a-  position  to  consider  tli^  curious  ab* 
normal  case  afforded  by  de  Saussure's  Opuntia.   He  found 

that  he  could  not  cxtiucl,  by  means  of  the  air-pump,  any 
appreciable  quantity  of  either  oxygen  or  carbon  dioxide  from 
a  piece  of  stem  which  had  absorbed  about  So  c.c.  of  oxygen 
from  the  air  contained  in  a  receiver.  From  this  it  appears 
that  the  absorbed  oxygen  was  chemically  fixed  in  the  plant, 
and  that  the  oxidised  substance  had  not  undeigone  any 
decomposition  attended  by  evolution  of  carbon  dioxide.  It 
is  possible  to  conceive,  however,  that  carbon  dioxide  may 
have  been  formed  and  retained  in  the  plant  in  some  sort 
of  loose  chemical  combination,  but  it  is  probable,  had  this 
been  the  case,  that  some  considerable  amount  of  this  gas 
would  have  been  given  off  to  the  air-pump.  We  are  appa- 
rently bound  to  admit  that  no  carbon  dioxide  was  formed* 

In  endeavouring  to  account  for  this  remarkable  fact,  the 
explanation  which  naturally  suggests  itself  is  that  the  absorbed 
oxygen  is  retained  b)-  the  protoplasm  as  what  we  have 
termed  intramolecular  oxygen.  This  explanation  would, 
however,  involve  the  assumption  that  the  decomposition  of 
the  protoplasm  is  arrested,  inasmuch  as  no  carbon  dioxide  is 
evolved.  But  there  are  no  grounds  for  such  an  assumption. 
The  only  alternative  is  to  assume  that  in  this  instance  de- 
structive metabolism  is  unaccompanied  by  an  evolution  of 
carbon  dioxide.  It  has  been  ascertained  by  Mayer,  who  has 
carefully  investigated  this  matter,  that  there  is  a  consider- 
able increase  in  the  amount  of  organic  acid  in  the  organ 
during  the  experiment,  and  this  is  confirmed  by  an  obser- 
vation of  Dehdrain's.  It  seems,  then,  that  we  have  before  us 
a  case  in  which  the  decomposition  of  protoplasm  is  accom- 
panied by  the  formation  not  of  carbon  dioxide,  but  of  a  more 
complex  acid  instead. 

The  ar  id  which  Mayer  found  in  the  succulent  leaves  of  the  Crassil* 
laceous  plants  with  uluch  he  experimented  appcnrs  to  be  an  isomer  of 
malic  acid,  whereas  in  the  Opuotia  it  is  oxalic  acid*  according  to  Deh6»hi. 

We  will  now  pass  on  to  consider  those  metabolic  processes 

which  we  have  termed  fermentative.  Of  these,  some  are 
essentially  dependent  upon  the  presence  of  oxygen,  whereas 
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Others  take  place  independently  of  it  A  faoiiiiar  -example 
of  the  former  kind^of  the  oxidative  dectm^ositims^  as  we 
may  term  them — 'is  afforded  by  the  formation  of  acetic  acid 

from  ethyl-alcohol  under  the  influence  of  the  Fungus  known 
as  My  coder  via  Aceti,  a  plant  which  is  allied  to  Yeast.  The 
process  may  be  roughly  represented  by  the  equation 

C.H»O+0t-C.H4Ok«f  HdO. 

Aiiotlier  similar  Fungus,  the  Mycoderma  Vini,  induces 
more  complete  oxidation  and  decomposition  of  alcohol,  carbon 
dioxide  and  water  being  the  products  of  its  action.  It  is 
probable  that  processes  of  this  kind  go  on  to  a  greater  or 
less  extent  in  all  living  cells. 

Of  the  fermentative  processes  which  can  go  on  in  the 
absence  of  oxygen  the  most  famiiiai  is  the  decomposition 
of  siig;ar  into  alcohol  and  carbon  dioxide  which  is  effected 
by  the  Yeast,  and  which  is  known  as  the  alcoholic  fermen- 
tation.  It  may  be  roughly  represented  by  the  equation 

QHuO, = 2  C,H,0 + 3  CO,. 

It  is  seen  from  the  equation  that  the  process  does  not 
involve  the  presence  of  oxygen,  and,  as  a  matter  of  fact, 
Pasteur,  Hoppe^Seyler,  and  Brefeld  have  shewn  that  when 
the  supply  of  oxygen  is  abundant  the  alcoholic  fermentation 

reduced  to  a  mini  mum. 

In  a  series  of  e3qperiments  instituted  with  the  view  of  determimog  this 
point  Pasteur  found  that  whereas,  in  the  absence  of  oxygen,  the  propor- 
tion between  the  weight  of  Yeast  formed  in  the  fermenting  liquid  to  the 

wcij^ht  of  st:_mr  decomposed  was  as  i  :  17''),  m  the  presence  of  oxygen  the 
proportion  in  an  especially  successful  experiment  was  as  1:4.  From 
this  he  concludes  that  in  the  presence  of  oxygen  the  iermentative  action 
of  Yeast  is  diminished.  4 

■ 

Although  we  usually  associate  the  alcoholic  fermentation 

with  the  Yeast-plant,  yet  we  must  not  conclude  that  it  is  peculiar 
to  it,  Pasteur  and  Brefeld  have  observed  that  it  is  excited, 
in  the  absence  of  oxygen,  by  various  other  Fungi  (species  of 
Mucor,  Fenicillium,  Mycoderma)  growing  in  saccharine  soIu< 
tions;  whereas*  when  free  oxygen  is  present,  no  alcoholic 
fermentation  occurs. 
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Nor  Is  aicoholic  fermentation  confined  to  Fungi.  Btord 
pointed  out  as  long  ago  as  1821  that  ripe  fruits  continue 
to  exhale  carbon  dioxide  in  an  atmosphere  destitute  of 
oxygen,  and  that  this  is  accompanied  by  a  diminution 

of  the  sugar  contained  in  thcin.  Lccharticr  and  Bellamy, 
as  well  as  Pasteur,  have  since  shewn  that  the  exhalation  of 
carbon  dioxide  and  the  disappearance  of  sugar  is  accompanied 
by  a  formation  of  alcohol,  that  the  phenomenon  is  in  fact 
one  of  alcoholic  fermentation.  More  recently  Brefeld  and 
de  Luca  have  obtained  the  same  lesults  in  experiments  with 
fruits,  seeds,  leaves  and  branches. 

Nor  is  the  alcoholic  fermentation  the  only  fermentative 
process  which  is  induced  by  the  absence  of  oxygen.  So  far 
as  we  know  the  conditions  of  the  butyric  fermentation,  the 
lactic  fermentation,  and  of  the  putrid  fermentation,  fermen- 
tations which  are  effected  by  certain  Schizomycetes,  they 
only  take  place  in  the  absence  of  ox3^en.  It  would  ap> 
pear  that  similar  processes  may  be  induced  in  the  cells  of 
any  organ.  Thus  Boehm  and  de  Luca  have  shewn  that  if 
any  part  of  a  living  plant  be  insufficiently  bupplicd  with 
oxygen  (in  these  experiments,  by  keeping  it  immersed  in 
a  limited  quantity  of  water),  hydrogen  is  sooner  or  later 
evolved,  and,  in  the  case  of  aquatic  plants,  marsh  gas  (CHJ, 
at  a  later  period.  Boussingault  observed  that  leaves  and 
branches  evolve  combustible  gas  under  these  conditions,  and 
Schulz  found  that  when  seeds  germinated  in  sealed  glass 
tubes,  considerable  quantities  of  hydrogen  were  given  off. 
Futthcf,  an  evolution  of  hydrogen  has  been  observed  when 
parts  of  plants  which  contain  mannite  (C^H^,OJ,  e.g.  various 
Agarics  (Muntz),  leaves,  flowers,  and  unnpe  fruits  of  the 
Olive,  leaves  of  the  Privet  (de  Luca),  are  deprived  of  free 
oxygen.  There  can  be  little  doubt  that  this  evolution  of 
hydrogen  is  accompanied  by  a  diminished  formation  of 
wateiy  vapour. 

Lactic  acid  and  all  substances  capable  of  undai^oing  lactic  fermenta* 
tioa  (sugars,  starch,  many  of  the  more  complex  organic  acids,  proteids} 
are  decomposed  in  such  a  way  as  to  give  rise  to  butyric  acid,  carbon 
dioxide  and  hydrogen  being  given  off,  thus ; 

V.  14 
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GtooOie.  Hutyric  add. 

OHnOi  =  QH,0,+  2C0,  +  2Ht, 

Malic  add.  Lactic  acid.  Butyric  add. 

a  C4H«0«»2  C«H«0,-i-a  C0t=C«H»0,+4C0t+2  H,. 

De  Luca  obaervcd,  in  his  experiments,  that  some  acetic  add,  which  is 
homologmts  with  batyiic  add^  was  formed  in  the  fruits,  flowers  'and 
learns. 

The  deoompositioa  of  maanite  mentioiied  above  may  be  represented 
hy  the  foUowiag  equations;  it  may  undergo  eitlier 

I,  alcoholic  fermentation,  according  to  the  equation, 

C»H„0,=2  CH,0  +  2  CO,  +  H„ 

or  3,  lactic  fermentation,  according  to  the  equation, 

C«H«0«s2QHA+H,: 

butyric  .uiU  acetic  ^icid  are  the  products  of  the  decomposition  of  the 
lactic  acid  or  of  the  oxidation  of  the  alcohoL 

Fufther,  the  absence  of  free  oxygen  not  only  modifies  the 

destructive  metabolism  of  the  plant  as  regards  the  exhalation 
of  carbon  dioxide  and  of  watery  vapour,  but  it  apparently 
modifies  it  also  as  regards  the  nitrogenous  products  ol  the 
decomposition  of  proteid.  Boehm  found,  in  the  experiments 
mentioned  abov^  that  the  water  in  which  the  plants  were  kept 
gradually  acquired  an  alkaline  reaction^  and  that  this  was  due 
to  the  presence  of  ammonia.  The  conflicting  statements  as 
to  the  evolution  of  ammonia  by  germinating  seeds,  some  ob- 
servers (Hosaius,  Oudcmans  and  Rauwenhoff,  Schulz)  asserting 
it,  others  (especially  Detmer)  denying  it,  are  probably  lo  be 
harmonised  by  the  consideration  that  although  it  does  not 
take  place  when  free  oxygen  is  present,  yet  it  toaj  do  so 
when  the  supply  of  free  oxygen  is  insufficient  Under  normal 
conditions  l^e  products  of  nitrogenous  metabolism  are  princi- 
pally oxidised  substances  which  are  retained  by  the  plant, 
and  if  any  ammonia  is  formed  it  is  chemically  altered  on  its 
formation  so  that  it  is  not  exhaled  by  the  plant:  under  the 
abnormal  conditions  which  we  are  now  considering  it  is  ap- 
parently formed  in  such  quantity  that  some  of  it  is  exhaled. 

From  the  facts  before  us  we  gather  that  the  absence  of  oxy* 
gen  profoundly  modifies  the  metabolism  of  plants.  The  vast 
majority  of  plants  are  so  constituted  that  they  can  only  thrive 
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when  free  oxygeo  is  supplied  to  them,  when  their  metabolism 
is  what  we  may  term  normal;  but  Pasteur  has  shewn  that 

certain  forms  of  Saccharomycetes  and  of  Schizomycetes  thrive 
best  in  the  absence  of  oxygen,  and  that,  in  certain  cases,  the 
access  of  oxyc^cn  proves  fatal  to  the  ori^^aiiisms.  Pasteur 
terms  plants  of  the  former  kind  arrobia,  of  the  latter  ariaerobia* 
It  is  difficult  to  say  whether  these  anaerobiotic  Saccharo- 
mycetes and  Schizomycetes  are  distinct  species,  or  whether 
they  are  physiological  varieties,  that  is,  individuals  which 
have  become  adapted  to  a  life  in  the  absence  of  free  oxygen : 
Pasteur  inclines  to  the  former  of  these  alternatives.  The 
absence  of  oxygen  does  not,  however,  prove  immediately 
fatal  to  an  aerobiotic  plant  ;  it  can  live  for  a  time  without 
being  supplied  with  free  oxygen,  and  it  appears  that  the 
more  lowly  the  organism  the  greater  its  independence  in 
this  respect  Thus,  de  Saussure  observed  that  seeds  do  not 
germinate  in  an  atmosphere  destitute  of  free  oxygen,  and 
that,  like  all  other  parts  of  highly  organised  plants,  they  die 
within  a  comparatively  short  time.  Pasteur,  on  the  other 
hand,  found  that  a  Mould  {Mucor  racemosus)  was  still  alive 
after  having  been  kepi  for  six  months  in  a  vessel  containing 
no  free  oxygen;  but  that  after  being  for  nearly  three  years 
in  the  vessel  it  was  dead. 

We  have  now  to  endeavour  to  account  for  the  modification 
of  the  metabolism  which  is  induced  by  the  absence  of  free 
ox3^n.  One  conclusion  from  the  facts  before  us  is  suffi- 
ciently obvious,  namely  this,  that,  in  the  absence  of  oxygen, 
the  activity  of  those  metal)<)h'c  processes  which  we  have  termed 
fermentative  is  largely  increased.  We  may  say,  indeed,  of 
every  living  cell  what  Pasteur  has  said  of  Yeast — that  in  the 
presence  of  abundance  of  free  oxygen  it  is  not  a  ferment, 
and  that  it  is  only  in  the  absence  of  free  oxygen  that  it 
exhibits  those  properties  which  have  earned  for  it  this  name. 
It  is  evident,  too,  that  fermentative  decomposition  serves  to 
maintain  the  life  of  the  plant :  this  is  a  simple  inference  from 
the  fact  that  anaerobiotic  plants  exist.  The  real  difficulty 
is  to  explain  the  signihcance  of  fermentative  decomposition, 
to  determine  the  mode  in  which  it  contributes  to  the  main- 

14 — 2 


Digitized  by  Google 


212  LECTURE  XI. 

tcnance  of  life.    Let  us  briefly  consider  the  case  of  an  aero- 
biotic  plant.    VVc  have  seen  that,  under  normal  conditions, 
the  principal  features  of  its  metabolism  are  probably  these  : 
it  absorbs  oxygen ;  this  oxygen  is  fixed  by  the  protoplasm 
as  intramolecular  0x3^^,  and  the  protoplasm  undeigoes 
decomposition  with  evolution  of  carbon  dioxide;   It  is  not 
too  much  to  assume  that,  when  the  supply  of  oxygen  is  cut 
off  there  is  a  reserve  of  intramolecular  oxygen,  and  that  the 
life  of  the  plant  is  maintained  t  or  a  time  by  the  decomposition 
of  protoplasm-molecules   in   which  intramolecular  oxygen 
is  still  present    But  now  fermentative  decomposition  be- 
comes energetic.    It  might  be  suggested  that  it  is  excited 
and  maintained  by  the  decomposition  of  the  pfotoplasm  ' 
which  is  still  going  on  in  virtue  of  the  presence  of  the  reserve 
of  intramolecular  oxygen,  and,  as  a  matter  of  fact,  Pasteur 
liab  observed  that  alcoholic  fermentation  is  most  active  when 
the  Yeast  which  excites  it  has  been  previously  in  contact 
with  free  oxygen.     But  this  suggestion  is  untenable  lor 
various  reasons.    In  the  first  place  fermentation  continues 
so  long  that  it  is  impossible  to  imagine  that  intramolecular 
oX3rgen  is  present  during  the  whole  period.   Secondly,  if 
this  suggestion  be  valid,  then  fermentation  ought  to  go  on 
most  actively  in  the  presence  of  free  oxyj^en,  and  it  has 
been  shewn  that  this  is  not  the  case.    Finally,  it  fails  to 
account  for  the  existence  of  anacrubiotic  plants.  Pasteur's 
view  of  the  significance  of  fermentative  decomposition  is  this, 
tiiat  it  is  the  expression  of  the  effort  of  the  oiganism  to 
obtain  oasygen  from  substances  which  contain  it  in  combi- 
nation. Another  possible  view  is  this,  that  the  oiganism 
obtains  by  the  fermentative  decomposition  of  other  substances 
Lhal  necessary  supply  of  ener^i^y  which,  m  the  presence  of 
free  oxygen,  it  obtains  by  the  decomposition  of  its  own 
protoplasm-molecules,    in  the  case  of  most  aerobiotic  plants 
the  end,  whatever  it  is,  is  only  imperfectly  attained,  for  tlie 
vitality  of  the  oiganism  becomes  gradually  diminished,  fer- 
mentation becomes  leas  and  less  active,  and  the  organism 
either  dies  at  once,  or  passes  for  a  longer  or  a  shorter  period 
into  a  state  of  suspended  animation  from  which  it  can  only 
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be  aroused  by  a  timely  supply  of  free  oxygen.  In  the  case 
of  anaerobiotic  plants,  it  appears  that  they  can  maintain  their 
life  so  long  as  there  is  any  substance  left  for  them  to  de- 
cofnposeii 

Finallyv  the  accumulatioii  of  the  products  of  metaboUsm 
exudacs  an  important  influence  on  the  activity*  of  the 

metaboh'c  processes.  In  the  case  of  carbon  dioxide  the  accu- 
mulation has  to  be  very  great  before  any  evident  effect  is 
produced.  De  Luca  observed  that  when,  in  the  course  of 
his  experiments,  the  pressure  of  the  carbon  dioxide  in  the 
dosed  receiver  became  vety  considerable^  the  evolution  of 
this  gas  ceased,  and  Mdsens  found  that  alcoholic  fermentation 
was  only  anrestsed  when  the  pressure  of  the  carbon  dioxide 
amounted  to  twenty-five  atmospheres.  In  the  case  of  other 
products  the  effect  becomes  more  quickly  apparent  Thus 
alcoholic  fermentation  by  Yeast  is  arrested  when  the  ferment- 
ing liquid  comes  to  contain  about  14  per  cent  of  alcohol;  by 
Mueor  raeftmsns,  when  the  alcohol  amounts  to  2*-^5  per  cent ; 
hyMueor  stohmffr,  when  the  alcohol  amounts  to  1*3  per  cent 
(Brefeld).  Similarly  the  lactic  and  butyric  fermentations, 
which  are  effected  by  certain  Bacteria,  are  gradually  arrested 
as  the  i)i  i)portion  of  acid  increases,  and  they  are  resumed 
when  the  acid  is  neutralised. 

With  this  we  complete  our  consideration  of  the  metabolic 
processes.  In  the  next  lecture  we  will  especially  study  the 
physiological  significance  and  the  chemical  nature  of  the 
pfoducts .  which  are  formed  in  connexion  with  these  pro- 
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METABOLISM  {cantmuid). 

We  have  now  to  enquire  more  closely  into  the  mode  of 
origin  and  the  chemical  nature  of  the  products  which,  as  we 
have  seen,  are  formed  in  connexion  with  the  metabolism  of 
the  plant. 

8.    The  Products  of  MstaMism, 

We  gather  from  what  has  been  said  in  previous  lectures 
that  the  products  of  metabolism  may  be  classified  into  two 

groups ;  those,  namely,  which  can  be  used  in  the  constructive 
processes,  and  those  which  can  not ;  the  former  we  term 
plastic  products,  the  latter  waste-products.  We  find,  also,  that 
these  ma/  be  further  subdivided  into  non-nitrogenous  and 
nitrogenous. 

The  plastic  products  may  be  formed  in  either  of  two  ways : 
either  constructively,  when  they  are  built  up  from  simpler 
substances  (as  when  carbohydrate  is  formed  from  carbon 

dioxide  and  water,  see  p.  145),  or  destructively,  when  they 
are  formed  ;is  the  result  of  the  dissociation  of  the  molecules 
of  a  more  complex  substance  (as  when  starch  is  formed  from 
protoplasm). 

Beginning  now  with  the  non-nitrogenous  plastic  sub- 
stances, we  find  them  to  be  principally  carbohydrates  and 
fats.  To  these  we  may  perhaps  add  the  more  complex 
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organic  acids,  but  as  our  knowledge  of  their  significance  is 
at  present  so  incomplete,  it  will  be  better  to  classify  them  for 
the  present  with  the  non-nitrogenous  waste-products. 

With  regard  to  the  formation  of  the  carbohydrates  in 
the  plant  we  have  but  little  definite  information.  Of  glucose 
we  may  say  that  it  b  derived  by  the  action  of  an  unorganised 
ferment  from  one  or  other  of  the  carbohydrates,  which,  as  we 
have  seen  (p.  1 70),  arc  stored  up  as  reserve-materials,  except 
in  certain  plants,  the  Onion  for  example  fSachs),  in  which  it 
appears  to  be  formed  in  the  chlorophyll-corpuscles  in  the,  first 
instance.  Of  the  reserve-carbohydrates,  all  that  we  can  say 
is  that  they  are  derived,  in  the  case  of  green  plants,  from 
the  non-nitrogenous  organic  substance,  whatever  it  may  be, 
which  is  formed  in  the  chlorophyll-corpuscles  under  the  in- 
fluence  of  light,  and,  in  the  case  of  plants  destitute  of  chloro- 
phyll, from  the  organic  substances  supplied  to  them  as  food  : 
but  the  only  definite  information  which  we  possrss  as  to  the 
mode  of  this  derivation  is  confined  to  starch  and  cellulose. 

It  has  been  already  stated  (p.  180),  upon  the  authority  of 
the  observations  of  Schimper  and  of  Strasbuiger,  that  the 
starch  which  makes  its  appearance  in  chlorophyll-corpuscles 
or  in  amyloplasts  is  formed  from  protoplasm ;  that  mole- 
cules of  protoplasm  undergo  dissociation,  and  that  starch  is 
a  conspicuous  product  of  the  process.  In  support  of  this 
statement  we  may  now  adduce  some  additional  evidence. 
The  cells  of  the  embryo  of  the  Wheat  contain,  when  the  seed 
is  quiescent,  no  trace  of  starch,  but  Just  has  observed  that 
if  a  seed  be  kepj  moist  for  twenty-four  hours,  the  embiyo 
then  contains  starch  abundantly,  although  the  endosperm 
has  apparently  undergone  no  change,  and  no  trace  of  sugar 
can  be  detected  in  it.  It  is  difficult  to  account  for  this  fact 
in  any  other  way  than  that  suggested  by  Just,  namely,  that 
the  starch  is  formed  by  dissociation  from  the  protoplasm  in 
the  cells  of  the  embryo. 

It  has  also  been  stated,  upon  the  authority  of  Schmitz 
and  of  Strasbuiger,  that  cellulose  is  likewise  formed  by  dis- 
sociation from  protoplasm.  In  support  of  this  statement  it 
may  now  be  pointed  out  that  Schmitz  has  observed  that 
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when  a  cell-wall  becomes  much  thickened,  that  is,  when 
many  layers  of  cellulose  are  found,  the  whole  of  the  proto- 
plasmic contents  of  the  cell  are  gradually  used  up  in  the 
pnicess :  and  further,  that,  as  has  already  been  stated  (pp. 
151,  177)  no  non-nitrogenous  plastic  substances  can  be  de- 
tected in  growing- points. 

It  appears,  then,  that  in  these  cases  the  non-nitrogenous 
organic  substance,  either  formed  from  carbon  dioxide  and 
water  or  absorbed  as  food,  is  not  directly  converted  into 
starch  or  cellulose,  but  goes  in  the  first  instance  to  build  up 
protoplasm,  and  that  it  is  in  consequence  of  the  decom- 
position of  protoplasm  that  these  carbohydrates  make  their 
appearance :  and  we  may,  perhaps,  go  so  far  as  to  infer  that 
all  the  reserve-carbohydrates  arc  produced  in  this  way. 

■  With  regard  to  the  fats,  it  is  generally  assumed  that 
they  are  formed  directly  from  carbohydrates,  because  as  the 
fats  increase  in  quantity  the  carbohydrates  diminish.  For 
example,  oily  seeds  contain  starch  whilst  they  are  unripe, 
but  as  they  ripen  the  starch  disappears  and  is  teplaced  by 
fat 

The  first  objection  to  this  view  is  the  obvious  one  that 

the  observed  fact  does  not  prove  the  direct  conversion  of 
carbohydrate  into  fat.  And  further,  we  know  of  no  means 
by  which  such  a  conver&ioa  could  be  effected.  Hoppe- 
Seyler,  in  his  investigations  on  this  subject,  has  found  that 
when  carbohydrates  are  heated  with  caustic  potash,  or  when 
they  are  caused  to  undergo  putrefaction,  they  yield  a  series 
of  fatty  acids,  and  he  infers  that  the  fats  found  in  animals 
and  plants  are  derived  directly  fioai  carbohydrate.  But  the 
acids  formed  in  his  experiments  are  only  the  lower  members 
of  the  series,  and  not  those  which  enter  into  the  composition 
of  the  more  common  fats:  moreover,  he  does  not  suggest 
how  the  necessary  glycerin  is  formed  from  carbohydrate. 

The  evidence  in  favour  of  the  view  that  fats  are  derived 
from  the  protoplasmic  cell-contents  is  of  a  more  satisfactory 
character.  In  stuclyinc^  the  effects  of  starvation  upon  the 
cells  of  plants,  Cuiuiini^hain  found,  in  the  case  of  certain 
Fungi,  that  if  the  spores  be  cultivated  in  distilled  water,  the 
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resulting  mycelium,  instead  of  containing  an  abundance  of 
protoplasm,  contains  but  little,  and  in  this  a  number  of  oil- 
drops  are  distributed  (Fig.  30).   It  is  obvious  that,  under 


Vig.  30  (alter  Conningham).   Hyplue  of  Cboanephora,  the  upper  one 
wen-nonriahed,  tlic  lower  one  starred. 

the  conditions  of  the  experiment,  this  oil  could  not  have 

been  formed  from  any  food  materials  absorbed  from  without, 
and,  when  we  note  the  diminished  protoplasmic  contents, 
we  cannot  but  correlate  the  diminution  with  the  abundance 
of  oil,  and  conclude  that  the  oil  must  have  been  formed 
at  their  expense.  Similar  observations  on  Fungi  have  been 
made  by  Nacgell  He  finds  that  the  nature  of  the  food 
supplied  has  but  little  influence  upon  the  amount  of  fat 
formed,  and  he  inclines  to  the  view  that  fat  is  formed  from 
the  protoplasmic  ccil-con tents. 

The  experiments  of  Loew  given  in  Naeseli*s  paper  tend  to  prove  the 
foimadon  of  &t  firom  the  protoplasmic  ceU-contents.  Some  Penidllium* 
mycdium  was  left  ftir  four  weeks  in  a  dilute  (i  per  cent.)  solution  of 
phosphoric  add :  analyses  before  and  after  gave  the  following  results : 

alter  the  expenmcni 

16  5  per  cent 

30  5  „ 

33*0 

Admitting  that  the  fats  are  formed  from  the  protoplasmic 
cell-oontents,  we  have  yet  to  ascertain  whether  they  are 
derived  from  the  living  protoplasm  or  organised  proteid,  or 
from  the  dead  unorganised  piotcid.    If,  as  suggested  in  pre- 
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vious  lectures  (pp.  i6o,  187)  we  r^rd  the  molecule  of  living^ 
protoplasm  as  a  very  complex  one,  it  is  not  improbable 
that  it  contains  fatty  radicles,  and  that  it  may  undergo 
decomposition  in  such  a  way  as  to  give  rise  to  fats.  On  the 
other  hand,  it  has  been  found  that  fatty  acids  are  among 
the  products  of  the  artificial  decomposition  of  proteid,  and 
it  is  therefore  possible  that  fats  may  be  formed  in  the  living 
cell  by  the  decomposition  of  the  dead  proteid  which  it  may 
contain.  In  his  researches  upon  the  formation  of  fat  in 
Fungi,  Naegeli  made  the  important  observation  that  this 
process  is  dependent  upon  a  supply  of  free  oxygen.  This 
fact  is,  however,  susceptible  of  various  interpretations.  It 
may  mean  that,  in  the  absence  of  free  oxygen,  the  self- 
decomposition  of  the  living  protoplasm  does  not  take  place, 
and  that  therefore  no  fat  is  formed :  or  it  may  mean  that, 
under  these  conditions,  the  living  protoplasm  is  incapable 
of  effecting  the  oseidattve  decomposition  of  the  unorganised 
proteid  in  such  a  way  as  to  t^ivc  rise  to  faL  We  must  be 
content  to  leave  this  point  undecided  for  the  present 

In  any  case  the  formation  of  fat  is  apparently  not  direct : 
fatty  acids  first  make  their  appearance,  and  these  subsequently 
combine  with  glycerin  to  form  fats.  Von  Rechenbeig  has 
found  that  unripe  oily  seeds  contain  a  considerable  quantity 
of  these  acids,  and  that  it  gradually  diminishes  as  the  seeds 
become  mature.  As  to  the  gl}'cerin  of  the  fats,  we  are 
unable  at  present  to  make  any  definite  statement  concerning 
its  mode  of  origin. 

Besides  the  fats  {glycerides)  already  mentioned,  other  fiitty  bodies 
have  been  found  in  plants.  These  aie^  chlolesterin  {Cm^O\  an  alcohol 
which  has  been  found  by  Hoppe-Seyler  and  others  in  seeds,  in  buds,  and 
in  yeast;  lecithin  (C«iH«oNPO»)y  a  complex  nttragenous  and  phosphorised 
fat,  which  has  been  found  by  Hoppe-Seyler  to  be  widely  distributed  in 
plants.  Further,  various  fatty  substances  which  aie  generally  spoken  of 
as  wax,  are  formed  by  plants :  as  these  are  to  be  rather  regarded  as 
waste-pioducts  we  shall  treat  of  them  subsequently. 

The  nitrogenous  plastic  products  are  unoig^anised  proteid 
and  amides.  We  have  already  discussed  (p.  1 50)  the  possible 
mode  in  which  these  bodies  are  formed  synthetically  in 
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plants.    With  regard  to  the  possible  destructive  formation  of 

the  piotcui,  there  can  be  little  doubt  that  it  may  be  derived 
from  living  protoplasm.  If  we  regard  the  molecule  of  living 
protoplasm  as  more  complex  than  that  of  unorganised  pro- 
teid,  we  may  infer  that  proteid  may  be  one  of  the  products 
of  the  decomposition  of  the  protoplasm-molecule.  The 
amides,  as  we  have  seen  (p.  191 are  produced  from  proteid 
either  by  the  action  of  an  unorganised  ferment,  or  by  the 
fermentative  action  of  the  living  protoplasm  ;  in  the  latter 
case  the  process  would  be  probably  one  of  oxidative  de  com- 
position, for  it  has  been  found  possible  to  obtain  the  amides 
from  proteid  in  this  way  by  artificial  means. 

The  following  is  an  enumeration  of  the  substances  of  this 
kind  which  have  been  found  in  plants. 

I.   Amides : 

Asparagin,  C|H|N,Os  probably  the  amide  ot  succinamic  acid,  C«Ht» 

NH„  CONH,,  COOH. 
Glutamin,  CsHioN,Ot,  probably  the  amide  of  glutaminic  acid, 

C,H,,  NH«  CONH„  COOH. 

X   Amidated  fatty-  acids : 

Lendn,  QHoNOn  amidocapfoic  add,  QHuNHtCOOH. 
Betaln,  QHuNOi,  poasibly  trimethyl-t^ycocoll,  C(CH|)»  NHCH« 
COOH,  or  oxyneorin  C (CHi),  NHi,  O,  CO. 

3.  Amidated  fatty  acids  containing  an  aromatic  radicle  : 

Tyrosin,  QHnNOa,  probably  a  parahydroxyphenylamidopropionic 

acui,  QH„  NH,,  C,H„  HO,  COOH. 
A  body,  CjHuNO,  allied  lo  Schutzenbergers  tyroleucin,  has  been 

found  by  Schulze  in  Lupin-seedlings:  it  is  probably  phenylamido- 

propionic  acid,  C-M^y  NH„  C,H^  COOH. 

4.  Bodies  belonging  to  the  xaathin-group  : 

Xanthin,  CH^N^O^,  hj'poxanthin,  C^HiN^O,  and  guanin,  CjHsNiO, 
have  been  found  by  Schiitzenberger  in  Ycasl,  by  Salomon  in 
Lupin-seedlings,  by  Reinke  and  Rodcwald  in  yKthalium,  and 
Schulze  and  Eugster  believe  thnt  they  have  found  them  in 
potatoes.  Kossel,  who  has  found  them  in  various  plants,  is  of 
opinion  that  they  are  derived  from  nuclein.  Allantoin,  CiH.NtO,, 
has  been  found  by  Schulze  in  the  young  leaves  of  the  Plane. 

The  view  that  the  amides  are  products  of  processes  of 
oxidative  decomposition  is  supported  by  the  fact  that  the 
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amides  are  all  richer  in  oxygen  than  protdd^  and  by  the  feet 
(p.  210) — ^though  mudi  stress  cannot  be  laid -upon  it  at  pre- 
sent— that,  in  the  absence  of  free  oxygen,  ammonia  is  evolved 
by  plants.  We  cannot  say  at  present  whether  or  not  all  the 
amides  are  directly  formed  in  this  way.  It  is  possible  to 
imagine  that  the  more  highly  oxidised  of  them — the  xanthin- 
bodies,  for  instance — ^may  be  derived  iirom  others  by  further 
oxidation.  On  the  whole  it  appears  probable  that  this  is  not 
the  case,  but  that  the  different  amides  are  derived  posnbly 
from  different  forms  of  proteid,  or  that  the  nature  of  the  de- 
composition may  vary  under  the  influence  of  different  external 
conditions,  so  as  to  give  rise  to  amides  sometimes  of  one  kind 
and  sometimes  of  another.  In  connexion  with  this  point  we 
must  bear  in  mind  Kossel's  suggestion  as  to  the  origin  of  the 
xantfain-bodies  from  nudi^a 

Turning  now  to  the  wasU'^roduets,  we  find  that  those 
with  which  we  have  become  acquainted  in  previous  lectures 
(oxygen,  carbon  dioxide,  water)  are  such  as  are  excreted  by 
the  plant;  but  the  majority  of  the  waste-products  are  retained 
in  the  tissues  of  the  plant  Speaking  generally  we  may  say 
that  the  excreta  of  plants  are  given  off  in  the  gaseous  form, 
though  to  this  statement  there  are  a  few  exceptions.  It  was 
thought  at  one  time  that  a  considerable  excretion  of  waste- 
products  in  solution  was  effected  by  the  roots,  and  de  Can- 
dolle  went  so  far  as  to  fount  I  upon  this  supposed  excretion  a 
theory  of  the  rotation  of  crops  :  but  the  researches  of  Bra- 
connot  and  of  Boussingault  have  conclusively  proved  tliat  no 
such  excretion  takes  place.  It  is  true  that  if  the  roots  of  a 
land-plant  be  removed  from  the  soil  and  be  immersed  in  dis- 
tilled water,  small  quantities  of  salts  and  even  traces  of  organic 
matter  will  be  extracted  from  them  (Knop),  but  no  inference 
can  be  drawn  from  experiments  of  tiii:>  kuid  in  vvliich  the  con- 
ditions are  so  abnormal. 

With  r^ard  to  the  nitrogenous  waste-products  we  may 
say  that  the  more  important  of  them  are  compound  ammo- 
nias. In  some  comparatively  rare  cases  they  are  excreted 
by  the  plant  Thus,  the  peculiar  odour  of  certain  flowers, 
notably  those  of  the  May  {pratoigus  cs^acanika^  depends 
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Upon  the  excretion  of  trimethylamin,  N(CHg)g,  and  the  leaves 
of  the  Stinking  Goosefoot  {Chenopodium  Vuhfaria)  are  con- 
stantly giving  off  this  gas.    More  commonly  the  compound 
ammonias  arc  not  volatile  at  t)iiliiiaiy  temperatures,  and  they  — 
are  then  termed  alkaloids.    The  presence  of  these  bodies 
has  been  determined  in  a  great  number  of  plants,  and  it 
U  probable  that  they  are  more  generally  present  in  plants  — 
than  is  usually  supposed.    They  are  not  excreted  by  the 
plant,  but  they  are  especially  deposited  in  those  parts  which 
become  detached,  such  as  the  bark,  fruits,  and  seeds,  and  it  is  - 
in  this  way  that  they  are  gradually  got  rid  of. 

With  regard  to  the  oricfin  of  alkaloids  in  the  plant,  there 
can  be  little  doubt  that  they  are  derived  more  or  less  directly  ^ 
from  proteid.   It  is  an  almost  necessary  assumption  that  they 
are  built  up  from  ammonia;  we  have  therefore  to  enquire  into  " 
the  possibility  of  the  formation  of  ammonia  in  the  plant.   It  - 
has  been  already  suggested  (p.  1 50)  that  ammonia  is  formed  in 
connexion  with  the  processes  of  destructive  metabolism,  and 
it  has  also  been  pointed  out  (p.  210)  that,  under  abnormal 
conditions,  ammonia  may  be  even  excreted.    The  mode  of 
the  formation  of  ammonia  in  the  plant  is  not  difficult  to  ima- 
g:ine.   It  is  well  known  that  the  amides  are  readily  decom- 
posed into  organic  acids  and  ammonia.  Thus^  when  asparagin 
is  boiled  with  dilute  acids  or  alkalies,  aspartic  acid  is  formed 
and  ammonia  is  evolved  according  to  the  equation 

QH«N,0«+  H»0-C4H,N04+  NHr 

It  is  therefore  quite  possible  that  free  ammonia  may  be  formed  ^ 
in  the  plant,  and  that  from  this  the  alkaloids  may  be  built  up« 
It  is  interesting  to  note,  in  connexion  with  this,  that  neither  • 
urea  nor  uric  acid  have  ever  been  found  in  plants.  According 

to  a  commonly  accepted  view  it  would  appear  that  these 
bodies  may  be  formed  in  the  animal  body  from  leucin  and 
tyrosin  ;  these  substances  apparently  undergo  decomposition 
into  cari>on  dioxide  and  ammonia  and  the  carbon  dioxide 
and  ammonia  combine  in  other  proportions  to  form  urea  and 
uric  acid.  There  is,  in  fact,  a  certain  amount  of  evidence  to 
shew  that  urea  is  formed  synthetically  in  the  animal  body, 
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and  it  h  probable  that  something  of  the  same  kind  may 

take  place  in  the  plant,  the  bodies  formed  being  alkaloids 
instead  of  urea  and  uric  acid.  As  a  matter  of  iact,  certain 
vegetable  alkaloids,  theYn  and  theobromine,  are  allied  to  uric 
acid.  Further,  Broughton  has  observed  that  when  the 
Cinchona  is  manured  with  highly  nitrogenous  substances,  the 
amount  of  alkaloids  is  veiy  much  increased :  this  is  a  parallel 
to  the  well-known  fact  that  when  an  animal  consumes  a  large 
quantity  of  nitrogenous  food,  the  excretion  of  urea  and  of 
uric  acid  is  increased. 

*•*  The  alkaloids  are  of  two  kinds,  namdy  those  whidi  do  and  those 
ivhicb  do  not  contaiii  oxygen.  To  the  former  group  belong  the  more 

^iamiliar  alkatoid  such  as  morphin  (CvHuNOs)  and  the  other  opium-alka- 
loids ;  theobromin  (CtH.N^O,),  thein  (CH^NiO,),  strychnin  (Q|H»N,O0, 
atropin  (CvHaNO,),  quinin  (Cai>HMN,Ot) :  to  the  latter  belong  mercurialin 
(CH»,  N)  probably  identical  with  mcthylamin  (CH^  HjN),  contin 
(CgHuN),  nicotin  (CmH,«NO,  and  spartein  (CuH^N,).  It  has  been  found 
that  an  alkaloid  which  contains  no  oxygen  can  be  obtained  from  one  which 
does  :  thus  Wertheim  has  succeeded  in  preparing  coniin  (CjHi^N)  from 
conydrin  (C15H17ON).  Tt  appears  that  most  of  the  alkaloids  can  be 
traced  to  the  compound  ammonia  pyridin  (QH«N).  The  alkaloids  occur 
in  plants  in  combination  with  organic  acids. 

We  have  every  reason  to  believe  that  the  alkaloids  are  in 

'rcaiily  waste-products,  that  is,  subbiaiices  which  cannot  enter 
^into  the  constructive  metabolism  of  the  plant,  for  the  obser- 
vations of  Knop  and  Wolf  shew  that  the  demand  for  com- 
bined nitrogen  cannot  be  met  by  supplying  the  plant  with  it 
in  the  foim  of  alkaloids,  although,  as  we  have  seen  (p.  124), 
the  plant  can  take  up  urea»  uric  add,  leudn,  tyrosin,  or  gly- 
cocoll. 

There  is  one  point  which  deserves  cspeci^il  mention  before 
we  leave  this  subject,  namely  this,  that,  as  a  rule,  the  nitro- 
genous metabolism  of  plants  is  not  accompanied  by  any  loss 
of  nitrogen  when  the  conditions  are  normal.  In  this  respect 
plants  differ  widely  from  animals.  This  difierence  is  due 
partly  to  the  fact  (p.  159)  that  plants  m  endowed  with  a 
greater  constructive  capacity  than  animals ;  animals  excrete 
the  amides  formed  in  the  destructive  metabolism  of  the 
organism  in  the  iurin  ui  urea,  uric  acid,  etc.,  whereas  plants 
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are  capable  of  using  them  in  the  reconstruction  of  proteid  ; 
and  partly  to  the  fact  that  any  nitrocrenous  waste-products 
(alkaloids)  which  may  be  formed  are  not  excreted*  This 
important  point  is  illustrated  by  Boussingault's  comparative 
analyses  of  seeds  and  of  seedlings  given  on  page  iy6,  and  his 
results  agree  with  those  of  all  other  observers. 

We  must  not  forget,  too,  that  protoplasm  contains  sulphur 
and  phosphorus ;  we  will  briefly  consider  what  become^  uf 
these  elrnicnts  in  destructive  metabolism.  It  appears  that 
the  sulphur  is  set  free  as  sulphuric  acid.  Schulze  and  others 
have  found  that  the  proportion  of  sulphates  gradually  in- 
creases during  the  germination  of  seeds  (Lupins,  Pumpkins, 
Vetches),  and  it  seems  that  the  amount  of  sulphates  present 
bears  some  relation  to  the  activity  of  the  pioteid-metabolism. 
Probably  the  same  is  true  of  phosphorus. 

in  certain  plants  sulphurised  ethereal  oils  are  found:  in  the  Onion, 
Garlic,  Horse-radish,  etc.,  allyl  sulphide  (C8Hs)sS;  m  the  seeds  of  the 
Mlack  Mustard,  allyl  sulpho-cyanide^  C  H  ,  CN.  S.  Attention  has  been 
already  drawn  to  the  fact  that  a  phosphorised  iat,  lecitbio,  iias  been 
commonly  found  m  plants. 

We  will  now  turn  our  attention  to  the  probable  mode  of 
origin  of  the  vast  number  of  other,  principally  non-nitro- 
genous, waste-products  which  have  been  found  in  plants, 
sucli  as  the  organic  acids,  the  aromatic  substances,  the  colour- 
ing-matters, etc. 

The  organic  acids  are  very  generaUly  present  in  plants, 
cither  free,  or  in  combination  with  inorganic  bases,  forming 
frequently  acid  salts,  or  in  combination  with  organic  bases  - 
(alloloids).  It  is  to  the  presence  of  these  acids  or  of  their  acid 
salts  that  the  acid  reaction  of  plant-tissues  is  due. 

The  following  emimeratifm  includes  the  organic  adds  most  commonly 
looad  in  plants : 

I.  Fatty  adds ;  general  formula  COOH. 

Fonnic  add  CH/>«  acetic  add  C^WK  piopionic  add  C|H«0»  butyric 
scid  CtHaO^  valerianic  acid  CJlwOb  capvoic  add  QHi^  have  been 
kmd  in  various  plants  by  many  observers.  Beiipnaim  condudes  from 
his  reseaiches  that  formic  and  acetic  acids  at  least,  are  always  present  in 

firing  pknt-ceUs. 

The  higher  members  of  this  series  such  as  capiylic  add  CfHy^ 
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capric  acid  CioHmOi^  palmitic  acid  CuU^O^  stearic  acid  CiaH»0«  h^v<e 
only  been  found  to  occur  in  combination  with  j^ycerin  as  iats  (gly> 
cerides). 

3.  Adds  of  the  acrylic  series ;  general  fonnula  C.Ht^i  COOH. 

Angelic  acid,  C|H,0»  has  been  detected  in  certain  plants  (especially 
in  the  root  of  Angelica  ArthangiUca)  in  the  free  state. 
'    Oleic  add,  CuHmOi,  occurs  in  the  form  of  fot  (olein)  in  combination 
with  glycerin. 

3.  Adds  of  the  lactic  series ;  general  formula  C,H,2,+i_„)(0H),C00H. 

To  this  group  belongs  carbonic  acid,  HjCO.^,  which  is  produced  by  all 
plants  ;  also  glycolic  acid,  C;H,0.„  which  has  been  found  in  unripe  grapes  ; 
and  lactic  acid,  CjHgOj,  which  is  probably  produced,  by  the  fermentative 
action  of  Bacteria,  from  sugar  and  other  carbohydrates. 

4.  Acids  of  the  succinic  scries ;  general  formula  CaHto(COOH)^ 

Oxahc  acid,  CtHtO^,  is  frequently  present,  combined  with  sodium  or 
potassium,  in  solution  in  the  ccll-sap  of  plants,  especially  in  the  leaves  of 
the  Wood-sorrel,  the  Dock,  and  their  allies.  It  is  even  more  commonly 
found  precipitated  in  the  form  of  cr\'stals  of  calcium  oxalate. 

Succinic  acid,  QHrO,,  has  only  been  found  in  a  few  plants,  but  is 
probably  widely  distributed.  It  may  be  readily  obtained  from  amber 
which  is  a  fossil  resin. 

a,  Amidated  acids  of  the  succinic  series  : 

Aspartic  or  asparaginic  acid  (succinamic  acid)  QHyNOi  and  gluta- 
minic  add,  QHtNO^^  have  not  been  found  in  the  free  state  in  plants,  hot 
they  commonly  occur  in  extracts  of  plants  as  products  of  the  decom- 
position of  asparagin  and  of  glutamin  reqiectivdy. 

b.  Hydroxy-adds  of  the  sncdnic  aeries. 

Malic  acidy  CiH^Oa,  verj^  coimnoQly  occurs  in  plants,  especially  in 
unripe  fruits. 

Tartaric  add,  C«HtO«,  is  probably  (at  least  dextrotartaric  add)  of 
universal  occurrence  in  plants,  and  is  usually  associated  with  oxalic, 
malic,  and  citric  acfds. 

These  adds  occur  dther  free^  or  in  comlMBOtioa  with  potassium,  or 
calcium,  or  with  organic  bases.. 

5.  Tri basic  acids  derived  from  the  paraffins. 

Citric  acid,  C„H,0.,  occurs  in  the  free  state  in  many  fruits,  and  is 
occasionally  met  with,  in  potatoes  for  example,  in  the  form  of  acid  salts 
of  potassium  or  calcium. 

6.  Acids  of  the  nuddc  series ;  general  formula,  C«Ha,.t(COOU)t> 

Fumaric  acid,  C4H1O4,  has  been  found  in  a  considerable  number  of 
plants. 
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The  mode  of  formatioii  of  ackls  in  the  plant  is  a  subject 

of  considerable  difficulty.  The  first  attempt  to  explain  it  was 
made  by  Liebig.  He  considered  that  the  highly  oxidised 
adds  were  formed  the  fir«^t  product.*;  of  constructive 
metabolism  from  carbon  dioxide  and  water  in  the  cells  con- 
tusing chlorophyll:  that,  for  example^  oxalic  and  formic 
adds  are  produced  according  to  the  equations, 

2CO5S  +  HaO  =  C.H.O^  +  O. 
CO,+  H,0  =  CH,0,+  0. 

It  has  been  aheady  pointed  out  (p.  144)  that  a  83mthetic 

I  '  formation  of  formic  acid  from  carbonic  dioxide  and  water 
may,  according  to  Erlenmayer*s  view,  take  place  as  the  first 
starve  in  the  formation  of  organic  substance,  but  the  formic 
acid  so  produced  is  at  once  converted  into  the  corresponding 
aJdehyd,  and  this  in  turn  into  a  polymer.  It  is  doubtful, 
therefore,  if  Liebig^s  theory  wfll  satisfactorily  account  for  the 
presence  of  free  formic  acid,  even  in  cells  which  contain  cfalo* 
rophyll,  and  ft  certainly  fails  to  account  for  the  presence  of 

'  acids  in  Funi;i  a.nd  in  etiolated  plants.  We  are  led  to  con- 
clude, therefore,  that  the  acids  present  in  plants  are  products 
not  of  constructive  but  of  destructive  metabolism. 

The  next  point  to  be  considered  is  as  to  the  substances 
from  which  they  are  derived.  It  is  commonly  held  that  the 
acids  are  produced  by  the  oxidation  of  caft)ohydrates,  espe- 
cially sugar,  but  there  is  no  direct  evidence  to  show  that 
this  is  actually  the  case,  though,  from  the  facility  with  which 
acids  can  be  formed  artificially  from  carbohydrates,  it  may 
be  assumed  to  be  quite  possible.  This  oxidation  is  usually 
supposed  to  be  more  or  less  direct ;  for  instance  it  is  fre- 
quently expressed  by  the  equation 

CHmD.+90«3ShW)+3BW), 

But,  even  admitting  that  carbohydrate  is  thus  directly  oxi- 
dised, it  is  hardly  probable  that  the  process  is  so  simple  as 
this.  It  was  pointed  out  in  the  last  lecture  (p.  202)  that 
the  effect  of  oxidation  is  to  diminish  the  stability  of  complex 
organic  substances  and  thus  to  facilitate  their  decomposition, 

15—2 


Digitized  by  Google 


LECTURE  XIL 


the  products  of  each  successive  decomposition  being  more 
and  more  highly  oxidised.  A  suggestion  as  to  the  po«:sible 
nature  of  this  oxidative  decomposition  in  the  case  of  carbo- 
hydrates is  afforded  by  Hoppe-Seyler^s  reaearches  upon  the 
decomposition  of  carbohydrates  by  the  action  of  alkalies 
and  by  heating  in  closed  tubes  with  water.  He  obtained 
formic  and  ethylidene-Iactic  acids,  an  aromatic  substance 
termed  pyrocatcchin.  and  caibuii  dioxide  was  evolved.  It 
appears  to  be  probable  that  oxalic  acid  i*^  formed  in  the 
process,  and  that  it  is  decomposed  into  formic  acid  and  carbon 
dioxide,  for  the  commercial  preparation  of  oxalic  acid  is 
effected  by  heating  cellulose  (sawdust)  with  a  mixture  of 
potassium  and  sodium  hydrates.  We  may  represent  the 
formation  of  oxalic  acid  in  this  way  by  the  following  equa- 
tion, 

4CiH,dO«-l-  4O1-  CJf tOt-f  3C;H A+fiKiO. 

It  is  not  probable,  however,  that  so  highly  oxidised  an  acid 
as  the  oxalic  is  at  once  produced ;  it  is  more  likely  that  a 
less  highly  oxidised  acid»  such  as  the  succinic,  is  first  formed, 
and  that  from  this,  by  successive  oxidative  decomposition, 
the  more  highly  oxidised  acids  are  derived.  The  formation 
of  succinic  add  may  be  represented  thus, 

succinic  acid 

3C:H  ,^0,  +  0,=.  C.H,0,  +  3C4H,04  +  3H  A 

Moreover  all  the  more  complex  acids  3rield  the  simpler 
ones  on  oxidation;  thus,  when  succinic  add  is  fused  with 
potassium  hydrate,  a  mixture  of  potassium  propionate  and 
carbonate  is  formed;  when  malic,  tartaric,  or  citric  add  is 
similarly  treated,  it  yields  a  mixture  of  potassium  acetate 
and  oxalate. 

It  must  not  be  assumed  that  the  decompoiitien  of  cutehydzate 
always  takes  place  In  the  manner  described  above ;  this  instance  is  only 
cited  to  illustrate  the  point  that  the  production  of  adds  from  caifao- 
hydrates  is  not  efSected  by  simple  oxidation. 

There  is,  however,  reason  to  believe  that  the  particular  decompo- 
sition in  question  does  tnke  place  in  plants.  Karl  Kraus  has  found  that 
the  external  dry  scales  of  the  Onion  contain  pyrocatcchin  and  cry  stals 
of  calcium  oxalate,  but  no  grape-sugar ;  whereas  the  internal  succulent 
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scales  contain  much  grape-su^r,  but  nciiher  rilcium  oxalate  and 
pyrocatechin.  But  if  the  internal  scales  be  allowed  to  become  dry, 
they  assume  the  brown  colour  of  the  external  scales,  the  ^^rape-sugar 
disappears  from  the  cells,  and  pyrocatechin  and  cr)'stals  of  calcium 
oxalate  make  their  appearance.  He  has  also  ascertained  that  pyro- 
catechin is  commonly  present  in  leaves  aud  shoots,  especiali)  in  the 
autunm. 

But  if  it  be  admitted  tiiat  the  caibohydrates  undergo 
oxidative  decomposition  in  the  plant,  it  must  be  true  of  other 

substances  also.  For  instance,  the  alcohols  which  arc  doubt- 
less formed  in  the  plant,  would  be  oxidised  to  acids.  To  take 
glycerin  as  an  example.  This  alcohol  is,  as  we  have  seen, 
set  free  on  the  decomposition  of  glycerides  (fats),  but  free 
gl3^erin  has  never  been  detected  in  any  plant*  It  probably 
undergoes  decomposition  as  soon  as  it  is  formed. .  It  is  well 
known  that  glycerin  is  readily  oxidised  to  carbon  dioxide 
aiiU  v.atci,  and  lliuL  it  is  susceptible  of  more  gradual  oxida- 
tion, a  number  of  acids  (oxalic,  formic,  glycolic^  etc.)  being 
produced:  this  is  probably  its  fate  in  the  plant.  Again, 
the  amides  would  yield  acids  on  oxidation.  Thus  asparagin 
is  readily  decomposed  into  aspartic  acid  and  ammonia,  and 
aspartic  acid,  when  oxidised,  yields  malic  acid 

Aspartic  acid  is  converted  into  succinic  acid  on  fermentation.  It  ts 
probable  that  the  succinic  acid  which  is  found  amon^  the  products  of 
the  alcoholic  fermentation  by  Yeast,  and  of  the  conversion  of  alcohol 
into  acetic  acid  by  the  Mycodtrnia  oceH^  is  derived  from  asparagin 
formed  in  the  metabolism  of  the  Fungus. 

Again,  there  can  be  no  doubt  that  acids  are  formed  by 
the  oxidative  dccuinpusition  of  proteid.  It  has  been  found 
that  oxalic  acid  and  amidated  acids  arc  formed  when  proteid 
is  decomposed  artificially,  that  anudated  acids,  which  we  have 
reason  to  believe  are  derived  from  proteids,  are  present  in 
plants,  and  that,  in  the  process  of  &t-formation,  fatty  acids 
are  produced  which  doubtless  owe  their  origin  to  proteids. 

Fin;i!ly,  there  cuii  be  litUj  doubt  tiiaL  the  self-decom- 
position of  protoplasm  is  atlciided  by  a  formation  of  acids. 
This  has  already  been  alluded  to  in  discussing  de  Saussure's 
observations  on  Opuntia  (p.  207),  and,  if  we  admit  that  fat  is 
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formed  from  [)i()tr)|>l.ism  (p.  218),  we  necessarily  assume  that 
fatty  acids  are  among  the  products  of  its  decomposition. 

It  mnit  be  borne  in  mind  that  adds  may  be  leadi^jr  derived  from  each 
other  in  various  ways.  To  the  examples  already  given  (see  p.  328) 
the  following  may  be  added  Under  the  action  of  ledudng  agents, 
succinic  acid  is  produced  from  malic  or  tartaric  acid :  and  conversely, 
since  malic  (monohydroxysuccinic)  and  tartaric  (dihydroxysuccinic)  acids 
atie  oxidised  derivatives  of  succinic  acid,  it  is  quite  possible  that  they 
may  be  formed  from  succinic  acid  in  the  plant.  Again,  on  heating  malic 
acid  fumaric  acid  is  formed,  and  fumaric  acid  is  ronverted  into  succinic 
acid  under  the  influence  of  nascent  hydro^jcn,  Kui  ilier.  as  has  already 
been  pointed  out,  acids  under^^o  decomposition  by  fermentation  :  thus 
malic  acid  yields  on  fermentation  either  (^7)  succinic  acid,  acetic  acid, 
carbon  dioxide  and  water,  or  {/>)  propionic  acid,  acetic  acid,  and  succinic 
acid,  or  {c)  butyric  acid,  carbon  dioxide,  and  water  :  the  gradual  con- 
vcrsiou  observed  by  Schindler,  of  citric  intij  t  u  tanc  acid  in  lemon-juice 
which  had  been  .illawed  to  stand  for  a  Lime,  is  probably  another 

illustration  of  the  transformation  of  one  acid  into  others  by  fermen- 
tadon. 

Now  as  to  the  significance  of  the  acids  in  the  metabolism 
of  the  plant  It  has  been  already  mentioned  that  Liebig 
regarded  the  highly  oxidised  adds,  especially  the  oxalic,  as 

being  the  first  products  of  the  construcLive  metabolism  of 
the  plant,  and  he  was  further  of  opinion  that  by  gradual 
reduction  of  tliem  carbohydrates  and  even  fats  were  formed. 
The  most  important  piece  of  evidence  which  he  offered  in 
support  of  his  views  was  the  fact  that,  as  fruits  ripen,  they 
become  less  sour,  a  fact  which  he  interprets  to  mean 
that  acid  is  converted  into  sugar.  This  may,  however,  be 
explained  in  other  ways  :  the  sugar  may  be  produced  from 
starch,  and  the  diminution  of  the  acidity  may  be  attributed 
to  the  neutralisation  of  the  acid  by  bases.  Stiii,  it  appears 
from  Beyer's  analyses,  that  the  proportion  of  mineral  matters 
diminishes  in  fruits  as  they  ripen,  and  hence  it  may  be 
inferred  that  the  acids  do  not  become  neutralised;  Beyer 
also  finds  that  the  acids  diminish  and  that  the  sugar  increases 
in  plucked  fruits.  Again,  it  seems  probable,  as  stated  above 
(p.  206)  that  the  starch  which  makes  its  appearance  in  the 
embryo  of  a  germiiiating  oily  seed,  is  formed  indirectly, 
through  protoplasm,  from  the  fatty  acids  set  free  in  the  seed  by 
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the  decomposition  of  the  fats.  Finally,  tliouj^^li  Schmoc^^cr's 
observations  (see  p.  125}  tend  to  prove  that  highly  organised 
plants  cannot  take  up  acids  when  supplied  to  their  root% 
yet  Naegeii  has  shewn  that  the  lower  Fungi  will  flourish 
when  carbonaceous  food  is  supplied  to  them  in  the  form  of 
various  acids,  acetic,  succinic,  and  tartaric  (p.  125). 

I>ut  there  arc  certain  acids  which,  so  far  as  our  present 
knowledge  goes,  cannot  be  reduced  by  plants,  namely,  the 
formic  and  the  oxalic.  Naegeii  found  that  Fungi  could  not 
assimilate  either  of  these,  and  the  general  occurrence  of 
ciystals  of  calcium  oxalate  in  the  tissues  of  plants,  which, 
aocofdlng  to  HUgers,  undergo  no  alteration  after  they  have 
been  formed,  clearly  suggest  that  plants  in  general  are  in- 
capable  of  reducing  oxalic  acid.  Even  admittinc^  that  sorne 
acids  may  be  used  in  the  constructive  metabolism  of  plants, 
there  is  a  strong  presumption  that  oxalic  add  at  any  rate-^ 
and  this  is  of  importance,  nnce  oxalic  acid  is  the  starting- 
point  of  Liebig*s  theoty — ^is  o^  no  value  for  this  purpose.  It 
is  only  of  the  leas  highly  oxidised  acids  that  plants  can  avail 
tiiemselves. 

Instances  of  the  solution  of  calcium  oxalate  in  the  plant  arc,  how- 
ever, on  record.  Frank  has  observed  it  in  the  mucilaginous  cells  of 
the  tuhfis  of  various  Orchids:  Sorauer  has  fotmd  that  young  potatoes 
abunclrintly  contain  crystals  of  calcium  oxalate  which  disappear  as  the 
tuber  becomes  mature,  an  observation  which  lias  been  confirmed  by 
de  Vries.  Whilst  admitting  the  accuracy  of  these  observations  it  must 
not  be  overlooked  that  ihcy  do  not  prove  iluii  the  oxalic  acid  ertters  into 
the  constructive  metabolism  of  the  plants :  they  only  prove  that  the 
oxalate  has  been  brought  into  solution,  or  that  it  has  undergone  decom- 
potitkm  so  M  to  give  rise  to  sohible  salts. 

In  coniwrion  with  liebig's  view  as  to  the  redncdon  of  acids  in  the 
plant*  we  may  recall  the  iacts  mentioned  in  the  last  lecture  (p.  197)  with 
lefcrence  to  succulent  plants.  De  Saussute  observed,  namely^  that  when 
a  piece  of  Opuntla-stem  which  had  been  absorbmg  oxygen  during  the 
night,  was  exposed  to  sunlight  on  the  following  day  in  an  atmosphere 
cottCaining  no  carbon  dloadde^  it  exhaled  a  volume  of  oxygen  which 
sUghdy  eacacdad  that  of  the  oxygen  absorbed  duriug  the  preceding 
nigfat  (in  one  eiq[>eriment  the  vohune  of  O  absorbed«74  cc,  the  volume 
exhaled = 79  ccX  Mayer  observed,  in  his  experiments,  that,  under  these 
drcumstancea^  starch-grains  make  their  appearance  in  the  chlorophyll- 
coipusclesy  care  being  taken  to  prevent  any  absorption  of  carbon  dioxide 
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from  without.    Mayer  Is  of  opinion  that  the  oxygen  absorbed  whilst  the 
plant  is  in  darkness  is  retained  in  the  form  of  :in  orgnnic  acid,  and  that 
it  is  in  consequence  of  the  reduction  of  this  acid  (he  believes  it  to  be 
an  isomer  of  malic  acid)  tliat  oxygen  is  evolved  and  starch  is  formed 
in  the  chlorophyll-corpuscles  when  the  plnnt  is  c\[)osed  to  light.  He 
conceives  the  mode  of  this  decomposition  to  be  the  following.  Relying 
upon  the  fact  that  when  uranium  succinate  is  exposed  to  light  it  is 
decomposed  inio  uranium  propionate  and  carbonate,  he  infers  that  when 
this  malic  acid  is  exposed  to  liglu  m  a  cell  containing  chlorophyll,  laciic 
acid  and  carbon  dioxide  are  formed,  and  he  points  out  that  sugar  may 
be  produced  by  polymerisation  from  the  lactic  add.    He  acttiaUy  found 
that  a  mixttve  of  malic  acid  and  calcium  malate  was  decomposed  when 
exposed  to  sunlight ;  cafboD  dioxide  was  abundantly  evolved,  but  neither 
lactic  acid  nor  sugar  could  be  detected  in  the  liquid:  it  appears  that, 
under  the  conditions  of  the  experiment,  the  lactic  acid  underwent  further 
decomposition.   The  evolution  of  oxygen  by  the  plant  under  the  in- 
fluence  of  light  is  doubtless  due  to  die  decomposition  of  the  carbon 
dioxide  thus  fonned^  and  with  this  the  appearance  of  staxch-grains  in 
the  chlorophyll-corpuscles  is  to  be  connected 

In  addition  to  their  possible  significance  in  the  construe* 
tive  metabolism  of  plants,  the  organic  acids  are  of  use  tn 
other  ways.  \\c  ha.ve  seen,  for  instance  (p.  41),  that  it  is 
probably  to  the  presence  of  them  that  the  turgid ity  is  to  be 
ascribed  ;  that  the  presence  of  acid  sap  in  the  root-hairs 
(p.  55)  renders  possible  the  solution  and  absorption  of 
mineral  substances  which  are  insoluble  in  water ;  that  oxalic 
acid,  at  least,  decomposes  the  salts  absorbed  by  the  roots 
(p.  149). 

We  will  now  pass  on  to  the  consideration  of  the  origin 
of  the  aromatic  substances.  We  have  learned  already  (p.  21) 
that  an  aromatic  substance  (lignin)  may  be  formed  from  a 
carbohydrate  (cellulose),  and  Hoppe-Seyler's  observations 
(p.  228)  suggest  a  mode  in  which  this  may  take  place. 
Hartig  observed,  and  his  observations  have  been  confirmed 
and  extended  by  Wiesner,  that  the  parenchymatous  cells 
of  the  trunks  of  many  trees  (Beech,  Elm,  Sycamore,  Oak) 
contain  grains  of  resin.  They  conclude  that  these  resin-grains 
are  derived  from  starch-grains,  and  it  appears  very  probable 
that  tannin,  an  aromatic  glucoside,  is  formed  as  an  ante- 
cedent of  the  resin.   We  would  have  then,  in  the  process  of 
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ligfoificatioti,  the  conversion  of  cellulose  Into  an  aromatic 

cellulidc ;  in  the  formation  of  resin-grains,  the  conversion 
of  starch  into  an  aromatic  glucoside.  But  it  must  not  be 
forgotten,  as  Miiller  points  out,  that  the  simultaneous  pre- 
sence of  starch  and  of  tannin  or  resin  in  a  cell  does  not  prove 
that  the  latter  are  directly  derived  from  the  former.  It  is  pos- 
sible that  tannin  is  a  product  of  the  metabolism  of  the  proto- 
plasm, and  that  the  starch-grains  present  in  a  cell  in  which 
tannin  is  being  formed  become  impregnated  with  it,  giving 
rise  to  the  so-called  tannin-f^rains  and  eventually  to  resin- 
grams.  Tt  is  true  that  the  starch  gradually  disappears,  but 
this  does  not  prove  the  direct  conversion  of  starch  into  tan- 
nin; the  tannin  may  be  formed  indirectly  from  the  starch 
through  the  protoplasm.  The  fact  that  tannin  is  constantly 
present  in  the  cells  of  parts  in  which  destructive  metabolism 
IS  active — growing-points,  motile  organs  of  leaves,  galls,  for 
example  "tends  to  prove  that  it  is,  in  fact,  dciivcd  from 
protoplasm.  Further,  we  must  not  overlook  the  fact  that 
substances  like  tyrosin,  which  contain  an  aromatic  radical, 
occur  in  plants,  and  that  they  are  probably  derived  more  or 
less  directly  from  protoplasm:  it  is  also  quite  possible  that 
these  substances  may  take  part  in  the  formation  of  some  of 
the  more  familiar  aromatic  bodies  which  occur  in  plants. 

It  is  possible,  as  Cross  and  Bcvan  point  nut,  that  the  benzoic  residue 
which  enters  into  the  composition  of  the  hippuric  acid  present  in  the 
urine  of  the  Herbivora  is  derived  from  the  aromatic  substances  present 
in  the  lignified  cell-wails  of  the  plants  consumed.  It  may  be,  however, 
that  the  aromatic  body  is  also  formed  from  cellulose  in  the  manner 
suggested  by  Hoppe-Seyler's  observations  (p.  228). 

We  are  already  in  possession  of  some  information  respect- 
ing the  conditions  under  which  the  formation  of  the  cellu- 
lides  takes  place.  It  was  pointed  out  in  a  former  lecture  (p.  1 8) 

that  ligniticatiuii  ma>'  lake  place  in  a  cell-wall  aller  Ihe  pi  ulo- 
plasm  has  disappeared  from  the  cell,  but  that  the  cell  must 
still  form  part  of  a  living  plant.  But  it  is  scarcely  possible  to 
make  any  definite  statement  as  to  the  chemical  nature  of  the 
process.  Inasmuch  as  lignin,  for  example,  contains  relatively 
less  oxygen  than  cellulose  (taking  Erdmann's  formula  for 
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lignosc,  Cj^Hj^p,,  as  a  basis)  (p.  21),  we  may  infer  with  Sachs 
that  it  is  a  residue  of  the  oxidative  decomposition  of  cellu- 
lose, carbon  dioxide,  water,  and  possibly  a  highly  oxidised 
acid  such  as  the  oxalic,  being  the  other  products.  This 
view  haimomses  with  what  has  been  said  above  (p.  228)  with 
reference  to  the  oxidative  decomposition  of  carbohydrates 
in  the  plant,  though  In  the  illustrations  there  given  the 
oxidation  is  represented  as  being  more  complete. 

In  view  (if  the  facts  mentioned  above  with  regard  to 
tannin,  we  must  regard  the  giucosidcs  as  being,  most  pro- 
bably, products  of  the  destructive  metabolism  of  protoplasm. 
They  occur  normally  in  the  cell-sap,  but  they  can  commonly 
be  detected  in  the  cell-wall  by  which  they  are  gradually 
absorbed  as  the  cell  grows  old  and  loses  its  protoplasmic  and 
watery  contents. 

The  more  common  glucosides  are  tannin,  salicin,  phloridzin,  conifcrin. 
They  are  decomposed  by  ferments  according  to  the  following  equations. 

f.  Tannin,  QiHaOa  (Schiff), 

(glucose)    (digalUc  acid) 

o.   CmHsOm  +  aH«0  =  QHuO, + iCuHwOa, 

(gallic  acid) 

C„HiA+  H,0=3C,H,0^ 

2.  Salictn,  CnHwO^ 

(saligenin) 

CuHnOr  +  li,0    CHttO,  +  C,H,0,. 

3.  Phloridzin,  CsHmOm, 

(phloretin) 

C«  H  uOyt  +  H|0  =  CiHjsOs  +  CuHmO^ 

4.  Comferin,  Ci«U^i, 

(coniferylic  aloihoO 
CmH«0,  +  H.O-C,HaO.  +  C„HttO^ 

It  will  be  seen,  from  the  forgoing  decompositions,  that 

the  glucosides  yield  various  aromatic  substances ;  they  may 
be  regarded,  therefore,  as  substances  intermediate  between 
the  carbohydrates  and  the  purely  aromatic  bodies.  ThouL^h 
they  are  products  of  destructive  metabolism,  yet  they  are 
still  of  some  use  in  the  economy:  by  their  decomposition 
energy  is  evolved,  and  the  plant  may  avail  itself  of  the  pro- 
duced glucose* 
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It  it  fltiU  a  debated  qaesdon  ^irhtdim  or  not  the  plant  ie  capable  of 
making  any  use  of  the  fl^ucosides.  The  reaeaidiet  which  have  been 
made  on  the  subject  refer  only  to  tannin.  It  must  be  remembered  that 
micromechaaical  methods  do  not  enable  tts  to  distinguish  between  the 
^Incoside  tannin,  and  tannic  (digaliic)  add :  it  is  quite  possible  that  the 
glucoside  is  of  use  in  that  it  yields  glucose>  and  that  the  add  is  not. 
We  will  recor  to  this  point  bdow. 

We  will  now  treat  of  the  aromatic  substances  other  than 
the  glucosides.  The  following  are  those  which  commonly 
occur  in  plants : 

Pyrocatechin,  Phlorogludn,  Saligenin, 

Benzoic  acid,  dnnamic  acid,  tannic  add,  gallic  add,  salicylic  acid» 
Resins,  Balsams,  and  Ethereal  Oils. 

pyrocatechin,  C«H4(UH),and  phloroc^Iucin,  C«H8(OH}:„are  (.iLri\  ativcs 
of  benzene,  the  former  being  oriliudu  \>  benzene,  the  latter  [ii  ^ljaLily 
paratrioxybciuenc.  Pyrocatechin  has  been  IouikI  in  various  pa.ils  of 
plants,  more  especially  in  fading  leaves  :  the  mode  of  its  origin  has  been 
suggested  above. 

Fhloios^udn  (paiatrioxybensene),  C«H,  (OH),  is  a  substance  of  common 
occurrence  in  the  bark  of  trees :  it  is  a  product  of  the  decomposition  of 
substances  like  phhnetin  and  querdtrin  which  are  derived  from  glucosides. 

Saligenm  C,H,0|«C|H«(0H),  CHt(OH),  is  a  derivative  of  toluene ; 
it  is  orthomethoxyphenol ;  it  is  formed  as  shewn  above,  by  the  decora* 
position  of  the  salidn  and  of  the  populin  whidi  are  present  in  the  bark  of 
Willows  and  Poplars  respectivdy* 

The  aromatic  adds  are  of  common  occurrence  in  plants.  Benxoic 
acid  (CrH,0,)  is  prepared  from  gum-benzoin,  the  produce  of  Styrax 
BemMoin^  but  it  is  present  in  small  quantity  in  many  other  plants,  and 
together  with  cinnamic  add  (C«H»0^  in  various  balsams,  such  as  storax 
and  balsam  of  Peru.  These  acids  are  prol^bly  formed  by  the  oxidative 
decomposition  of  glucosides  which,  like  amygdalin,  yield  benzoic  aide* 
hyde  (oil  of  bitter  almonds)  under  the  action  of  ferments. 

Salicylous  acid  (CtHbO,)  occurs  in  various  tlowers,  especially  in  those 
of  the  genus  Spiraea :  it  is  probably  formed  by  the  oxidation  of  its  cor- 
responding alcohol  saligenin. 

Tannic  and  gallic  acids  arc  very  generally  present  in  plants.  Tannic 
acid  fCuMiijO:,)  occurs  in  two  sonuwhat  different  chemical  forms,  in  the 
tissues  of  .iliuDsi:  all  pldiiLs  :  it  is  fouinl,  according  to  the  observations  of 
Sachs  and  of  i  cUokl,  la  ihc  uumcduilc  neighbourhood  of  those  par  lb  of  the 
plant,  growing-points  for  instance,  in  which  metabolism  is  most  active. 
It  is  doubtless  derived  from  tannin  as  indicated  above.  Gallic  add 
(C^HtOi),  though  not  so  universally  present  as  tannic  add,  has  been 


Digitized  by  Google 


236 


LECTURE  XII. 


found  in  various  parts  of  many  plants :  its  derivation  from  tannic  add 
has  been  mentioned  above. 

The  resins  are  substances  which  are  nearly  always  to  be  fimnd  ia 
plants  and  in  all  parts  of  them.  Three  kinds  of  resins  maybe  distin- 
guished, (a)  True  resins ;  (i)  Balsams,  mixture  of  resins  and  ethereal  oils^ 
together  with  aromatic  acids ;  (c)  Gum-resins,  mixture  of  resins^  gums, 
and  ethereal  oils. 

Ordinary  resin  (adophony)  obtained  from  the  Conifers  appears  to  be 
a  mixture  of  resinous  acids,  the  most  important  of  these  being  Abietic 
anhydride,  CmHoOi  (Maly).  Resin  is  produced  in  cells,  and  it  is  ex- 
creted into  intercellular  spaces  termed  rcsin-passagt's.  According  to  the 
researches  of  Wiesner,  of  Franchimont,  and  of  Hlasiwctz,  it  appears  that 
the  first  step  towards  the  production  of  resm  is  the  formation  of  a  gluco- 
side,  probably  tannin;  the  tannin  then  undergoes  decomposition,  and 
from  the  tannic  acid  resin  is  derived.  Franchimont,  especially,  draws 
attention  to  the  relation  of  the  cells  containing  tannin  to  the  resm-pas- 
sages  in  Conifers.  He  is  of  opiraun  that  the  decomposition  of  the  ^lu- 
CQside  13  attended  by  the  formation  of  oxaUc  acid.  Ht-  also  points  out 
that  the  secreting  cells  lining  the  resin-ducts  do  not  themselves  contain 
resin,  but  that  they  excrete  into  the  ducts  a  substance  which  becomes 
converted  by  oxidation  into  resin.  It  seems  probable  that  from  the 
taimic  acid  an  ethereal  oil  (terpene)  is  formed  in  the  cells,  that  this  is 
excreted  into  the  ducts,  and  that  it  then  undergoes  partial  oxidation  into 
resin,  the  turpentine  which  the  ducts  contain  being  a  solution  of  resin 
in  an  ethereal  oil  Hlasiwets  represents  the  process  of  oxidation  of 
terpene  into  resin  thus, 

2CjoHw  +  30  =  C»H»0,+  H,0. 

The  group  of  ethereal  oils  includes  a  great  number  of  substances  of 
very  various  chemical  composition,  which  are  present  to  a  greater  or 

less  extent  in  all  parts  of  Flowering  Plants:  it  is  to  the  presence  of 
volatile  ethereal  oils  that  the  odours  of  plants  are  due.  These  oils  may 
be  classified  into  those  which  do  and  those  which  do  not  contain 
oxygen. 

a.   Ethereal  oils  containing  oxygen ;   the  following  are  the  more 

common : 

Aldehydes :  oU  of  cinnamon,  C»H«0 ;  oil  of  bitter  afanonds  C}H«0. 

Ketones:  oil  of  rue^  methylnonyl  ketone^  CuHsO :  camphor, CwH^O 
is  probably  a  ketone. 

Acids :  oil  of  cloves  or  eugcnol,  Cj^,H,jOi;  coumarini  C,HeO„  to  which 
the  odour  of  the  Tonica  Bean,  and  of  new-mown  hay  is  due^  is 
probably  the  anhydride  of  coumaric  add:  cugcnol  is  also  re- 
garded as  being  an  ether-alcohoL 
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UbaA  ethers :  ane^ol  or  oil  of  anise,  CmHsO  »  CH»  C^i  (QHJ,  O. 

Compound  eihen :  benxyl  benxoate,  CuHuOs,  and  bensyl  dnnamat^ 
Ca3uOt»  in  various  baisams;  metfayl  salicylate^  QH«0«sCH», 
CrH»Ot,  in  the  Winter^reen  (GamUkeria procmmbeni), 

km   Ethereal  oils  not  containing  oxygen  : 

These  oQs  are  hydiocavfooos  of  the  formula  CwHm;  but  thoqgh  they 
bave  fhe  same  ultimate  chemical  composition  they  are  not  all  iden- 
tical, but  soBoe  are  isomen  and  polymers;  they  are  commonly  teimed 

terpenes. 

Terebenthene  is  the  terpene  which  is  present  in  turpentine;  a  ter- 
pene  is  also  present  in  the  essential  oils  of  plants,  such  as  oil  of  Neroli 
obtained  from  Orange-flowers,  oil  of  Lemons,  oil  of  Peppermint,  etc 

In  connexion  with  the  terpenes  we  may  consider  two  hydrocarbons, 

Caoutchouc  and  Gutta  Porcha  which  have  the  formula  (C.,H,).i-.  Caout- 
chouc is  obtained  from  the  latex  of  the  Urticacciu,  Euphorbiacca:,  and 
Apocynaceac :  Gutta  Percha  from  the  latex  of  various  species  of  Isonan- 
dra  (Dicbopsis)  and  other  Sapotaceae. 

With  regard  to  the  function  and  fate  of  these  aromatic 
substances*  it  appears  that  they  are  of  no  use  in  the  con- 
structive processes;  they  are  to  be  r^arded  as  waste<products» 
destined,  for  the  most  part,  to  be  thrown  off.  Even  when  they 
actually  remain  in  the  plant,  in  resin-ducts  or  in  lattciferous 
vessels,  they  are  outside  the  sphere  of  the  metabolism  of 
the  plant.  Hartig"  was  led,  by  his  observations  on  the  oak, 
to  the  conclusion  that  tannin  (tannic  acid  ?)  is  used  in  the 
constructive  processes,  but  Sachs  and  others  do  not  find 
that  this  is  the  case.  Accofding  to  Schell,  tannin  can  only 
serve  as  a  plastic  substance  when  the  plant  possesses  in- 
sufficient stores  of  carbohydrates  and  of  fats:  this  amounts 
to  saying  that,  under  ordinary  circumstances,  tannin  Is  merely 
a  wastc-pioiluct.  Again,  it  has  been  found  (Wagner),  that 
when  hippuric  acid  is  presented  to  the  roots  of  one  of  the 
higher  plants,  it  is  decomposed  into  glycocoU  and  benzoic 
add,  and  that  only  the  former  of  these  bodies  is  absorbed. 
On  the  other  hand,  we  must  not  foiget  that  tyrosin  is 
absorbed  when  presented  to  the  roots,  but  we  cannot  con- 
elude  from  this  that  the  aromatic  radical  which  it  contains 
is  actually  u-liI  in  tlie  constructive  processes.  Nor  must  we 
overlook  the  tact  that  iNaegeli  has  succeeded  in  cultivating 
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Fungi  on  dOtite  solutions  of  aromatic  substances  soefa  as 
carbolic,  saliqrlic,  and  benzok. acids  (p.  12$),  Taking  all 
this  into  consideration,  we  may  venture  upon  the  general 

statement  that  the  higher  plants,  at  least,  cannot  avail  them- 
selves of  carbon  when  combined  in  an  aromatic  molecule  for 
the  puq50ses  of  their  constructive  metabolism. 

Although  the  aromatic  substances  are  probably  to  be 
regarded  simply  as  waste-products,  yet  some  of  them  am 
indirectly  of  use  to  the  plant  We  have  seen  that  the 
odours  of  plants  are  due  to  the  presence  of  volatile  ethereal 
oils,  and  it  has  been  ascertained  that  the  odours  of  flowers 
.serve  to  attract  insects  and  thus  contribute  to  ensure  fertili- 
sation. 

We  have  yet  the  group  of  colouring-matters  to  consider. 

These  may  be  conveniently  classed  as  follows : 

I.  Phlobapbenes,  or  colouring-matters  of  the  bark. 

X  Colourinc-mattera  of  woods^  etc. 

3.  Golouring-matten  of  leaves,  flowers,  and  of  Thallophytes. 

The  phlobaphenes  .are  brown  amorphous  cokniring-matten  wUch  are 
present  in  the  walls  the  bark-cells  of  trees  and  shmbs.  They  dosdy 
resemble  the  brown  products  of  the  oaddation  of  tannin  and  other 
l^ucosides,  and  it  seems  probable  that  the^  are  in  £Eust  fetmed  hi  the 
plant  in  this  way.  When  they  are  fiised  with  caustic  potash  they  yidd 
protocatecbnic  add  as  one  of  the  products,  and  this  acid  is  also  foimed 
when  the  brown  products  of  the  oxidation  of  tannin  are  treated  in  the 
same  way  (Hlasiwets). 

The  colouring-matters  of  woods  occur,  like  tlie  pUobapbeneSi  in  the 
cell-walls,  and,  although  nothing  is  definitely  known  as  to  their  orig&i, 
it  is  probable  that  they  are  ibrmed  in  nindi  the  same  way.  There  is^ 
however,  reason  for  believing  that  they  axe  not  formed  in  thecefrwail» 
but  in  the  cavity  of  the  cell,  and  that  as  the  cells  lose  their  contents  and 
become  dry  the  colouring-matters  are  taken  up  by  the  ceU-wall.  Such 
are  Brasilin,  QHuOj+HjO,  obtained  from  Brazil-wood  {Casalpinia  brasi- 
liensis),  and  Hsematoxylin,  CuHmOc+sUiO,  obtained  iiom  tiie  wood  of 
Htematoxylon  campcchta7tuvi. 

Tn  some  plants  glycosides  are  present  which,  after  extraction,  undergo 
decomposition,  giving  rise  to  colouring  matters.  Thus  the  root  of  Rubia 
Tinctoruifi  (Madder)  contains  a  substance  termed  rubcrythric  acid, 
CMHagOti,  which  decomposes^  under  the  action  of  a  ferment  contained 
in  the  root,  into  a  colouring  matter,  alizarin,  and  glucose, according  to  the 
equation, 
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Again,  indigo  is  formed  by  the  dccompositiom  of  a  vivngtaaas  glu* 
coside  termed  indican,  Q»HsNOu  which  is  present  in  various  {dantfl, 
N^um  iinctorium^  Polygonum  iinctorium,  T sat  is  tinctorial  and  e^qpedaUy 
in  Indigofera  tinctoria  a  Leguminous  plant  The  decomposition  may  be 
repxasentedUittSi 

♦  Indigo-blrie 

The  rolourin^-matter  obt^ned  from  the  indican  of  IsiUix  tinctcria 

has  the  foimula  QHjNOj,  and  is  termed  Isatin  or  Woad. 

Other  colouring-matters  occur  in  the  cavities  of  cells  ;  for  example 
alcannin  fC  H  O,^  in  the  root  of  Anckusa  ttncioria^  and  curcumin  in  the 
root  of  Curcunui  i^nga. 

The  i^rccn  colourinfr-matter  of  plants,  chloropliyll,  always 
occurs  in  iutimatc  relation  with  the  protoplasmic  ccll-con- 
tenta^  and,  as  we  have  8een»  it  Is  confined  la  the  higher  plants 
to  oeft^n  specialised  portions  of  the  protoplasm  which  are 
tenned  chlorophyli-corpuscles.  We  have  already  discussed 
the  chemical  compositioa  and  the  physical  properties  of  this 
substance  ;  it  only  remains  now  to  consider  the  conditions 
of  its  formation,  and  the  probable  source  Crom  which  it  \% 
derived. 

The  general  conditions  upon  which  the  formation  of 
chlaroptiQrU  depends  are  three :  i,  exposure  to  light ;  3,  a 
diffidently  high  temperature ;  3,  a  supply  of  iron.  Of  thw, 
the  two  first  will  be  furtiier  discussed  nt  a  subsequent  lecture, 

in  which  \vc  will  consider  the  inilucncc  of  licat  and  light  on 
the  metabolism  of  the  plant.  The  significance  of  the  third 
condition  is  not  understood  at  present.  It  was  thought  that 
iron  entered  into  the  composition  of  chlorophyll  much  in  the 
same  way  that  it  enters  into  the  composition  of  the  colour- 
ing-matter Qismatin)  of  the  ced-blood  corpuscles:  but  it 
appears  from  the  analysis  of  chlorophyll  (see  p.  1 54)  that 
no  iron  can  be  detected  in  it.  It  may  be  urged  that  the 
chlorophyll  when  extracted  is  not  identical  with  the  green 
colouring-matter  in  the  living  plant ;  but  the  extracted  chlo- 
rophyll has  the  green  colour  and  the  characteristic  spectrum, 
SO  we  may  conclude  that  neither  of  these  important  pro<> 
perties  depends  upon  the  actual  presence  of  iron  in  the 
chlorophyll-molecule.  Arthur  Gris  came  to  the  conclusion 
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that  the  absence  of  iron  not  only  prevents  the  formation  of 
chlorophyll,  but  even  the  differentiation  of  the  corpuscles 
(see  p.  136).    The  recent  researches  of  Schimper  and  of 

A.  Ma\  ci  prove,  however,  that  this  view  fs  quite  untenable. 

^riants,  then,  which  arc  normally  g-reen,  are  not  green  if 
they  have  been  grown  in  the  dark,  or  if  the  temperature 
has  been  too  low,  or  if  they  have  not  been  supplied  with 
iron :  but  the  resulting  colour  Is  not  the  same  in  all  these 
cases.  A  plant  which  has  been  growing  in  the  dark  or  at 
a  low  temperature  is  usually  of  a  yellow  colour ;  a  colouring- 
matter  has  been  formed  in  it,  but  instead  of  being  a  green 
it  is  a  yellow  colouring-matter  termed  etiolin,  A  normally 
green  plant  which  has  been  grown  in  the  dark  is  said  to  be 
etiolated.  On  tlie  other  hand,  a  plant  which  has  been  deprived 
of  a  supply  of  iron  becomes  perfectly  colourless,  and  is  said 
to  be  ckhrctk.  When  an  etiolated  plant  is  exposed  to  light 
and  the  temperature  is  sufficiently  high  it  rapidly  becomes 
green :  similarly  when  a  chlorotic  plant  is  supplied  wiUi  iron 
it  also  becomes  green. 

It  appears  that  the  formation  of  chlorophyll  in  the  plant 
under  ordinary  conditions  is  mediate,  that  is,  that  it  is  not 
directly  formed,  but  that  etiolin  is  first  formed,  and  that 
from  etiolin  chlorophyll  is  produced.  In  endeavouring  to 
ascertain  the  mode  of  formation  of  chlorophyll,  the  first  step 
will  be  to  enquire  into  the  origin  of  etiolin,  and  the  second, 
to  determine  the  nature  of  the  process  by  which  etiolin 
is  converted  into  chloropliyll. 

The  process  of  the  formation  of  etiolin  appears,  from  the 
researches  of  Gris,  of  Mikosch,  and  others,  to  be  as  follows. 
When  the  protoplasmic  corpuscle  is  fully  formed,  it  produces 
a  starch-grain  in  the  manner  described  in  the  case  of  the 
amyloplasts  in  a  previous  lecture  (p.  180);  it  then  gradually 
assumes  a  yellow  colour,  .md,  at  the  same  time,  the  included 
starch-grain  diminishes  in  si7e  and  finally  disappears  ;  if  now 
the  etiolin-corpuscle,  as  it  may  be  termed,  is  exposed  to 
light,  it  assumes  a  green  colour,  the  etiolin  being  converted 
into  chlorophyll. 

With  regard  to  the  chemical  nature  of  this  process. 
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Sach^^c  is  of  opinion  that  the  starch  is  converted  into  ctioHll, 
that  the  starch  undergoes  oxidative  decomposition,  that  fatty 
aldehydes  and  aromatic  substances  (e,^,  pyiocatechin)  are 
among  the  products,  and  that  these  combine  to  form  etiolin ; 
under  the  influence  of  light  etiolin  is  reduced  to  chlorophyll. 

It  is  not  probable^  however,  that  this  is  an  accurate 
account  of  the  chemical  changes  in  process.  It  has  been 
shewn  (p.  154)  that  chlorophyll  contains  not  only  C,  H,  and 
O,  but  also  N,  and  probably  also  P,  in  its  molecule ;  and 
reference  has  been  made  to  Hoppc-Seyler's  suggestion  that 
chlorophyll  is  a  body  allied  to  the  lecithins.  It  is  true  that 
we  have  no  trustworthy  analysis  of  etiolin,  but  all  that  is 
known  on  the  subject  tends  to  shew  that  etiolin  and  chloro- 
phyll are  closely-allied  bodies:  what  is  here  said  about 
chloropliyll  may  Lhercforc  be  regarded  as  true  of  cUolin  also. 
In  consideration  of  the  complex  compositi  on  of  these  colour- 
ing-matters, it  is  probably  nearer  the  truth  to  regard  them 
as  derivatives,  not  of  the  starch,  but  of  the  protoplasm  of  the 
corpuscle.  From  this  point  of  view  the  correlated  disappear- 
ance of  the  starch  and  the  formation  of  the  colouring-matter 
is  to  be  explained  thus:  that  as  protoplasm  is  consumed 
in  the  formation  of  the  colourin^^-matter.  the  starcji  is  used 
in  the  construction  of  fresh  protoplasm.  With  rei^ard  to  the 
nature  of  the  change  which  etiolin  undergoes  on  its  conver- 
sion into  chlorophyll,  we  have  no  definite  information.  (The 
spectrum  of  etiolin  is  given  in  the  plate.) 

It  has  been  ascertained  by  Pringsheim,  Wiesner,  and 
others,  that  green  parts  of  plants  always  contain  both  etiolin 
and  chlorophyll.  Besides  these,  a  third  substance,  xantho- 
phyll,  is  commonly  present,  Pringsheim  has  shewn  lhat 
xanthophyll  is  probably  a  derivative  of  chlorophyll,  thou^^h 
the  exact  relation  between  the  two  is  not  determined,  it 
is  to  xanthophyll  that  the  autumnal  colouration  of  leaves  is 
principally  due :  in  many  cases  the  leaves  also  contain  a  red 
colouring-matter,  irytkrophyll^  dissolved  in  the  cell-sap. 

The  colourini^-ni.iUcrs  (jf  nouors  and  of  fruits  arc  sometimes  coiitined 
to  protoplasmic  corpuscle'^,  nnd  sometimes  they  are  di-iolved  in  the 
ceU-sap;  the  former  is  the  case  with  the  yellow,  orange,  and  brovoi 
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coburing-iiiakters  (in  lave  cases  also  the  Une),  the  btter  wilb  the  wliite^ 
videt,  blue,'  and  red  (rarely  die  yellow).  According  to  the  researches 
of  Weiss,  in  particular,  the  fixed  colouring-matters  are  derivatives  of 
chlorophyll;  the  corpuscles  in  which  they  are  present  are  first  of  all 
green,  and  gradually  change  colour  as  the  flower  opens,  or  as  tiie  fruit 
ripens.  The  best-known  of  these  is  antKoxanthin,  the  colouring-matter 
of  yellow  flowers.  The  dissolved  colouring-matters  are,  in  white  flowers, 
anthohucift^  in  blue  anthocyanm.  The  violet  red  and  violet  colours  are 
probably  due  to  the  presence  of  acids  or  acid  salts  in  the  cell-sap  which 
act  upon  the  anthocyanin.  In  some  instances  colourinjj^-maltcis  arc 
present  in  both  these  forms,  for  instance,  yellow  corpuscles  in  a  coll  with 
a  red,  blue,  or  violet  cell-sap  :  in  certain  leaves,  those  of  the  Copper- Beech, 
the  Copper-Haael,  etc.,  the  cells  contain  chlorophyll-corpuscles  and 
purple  cell-sap.  It  is  probable  that  the  dissolved  colouring-matters  are 
derived  from  tannin  or  other  glucosides. 

Among  the  Thallophytes,  chlorophyll  is  always  present  in  the  Alga;, 
and  it  is  always  absent  in  the  Fungi.  IVl  an )  of  the  Algse  are,  however, 
not  of  a  green  colour.  For  instance,  the  Phycochromacca^  or  Cyano- 
phycex,  are  bluish-green,  this  colour  being  due  to  die  presence  of  a 
bhie  colouring  matter,  phycocyanin^  In  additioii  to  dilorophyll :  again  the 
Diatomacese  and  the  Fucoideae  are  yellow  or  brown;  this  is  due  to  the 
presence  of  a  brown  colouring-matter,  phycoxmUhiny  which  masks  the 
green  colour  of  the  chlorophyll  which  is  present :  finally,  the  red  Seaweeds 
or  Florideae  contain,  in  addition  to  chlorophyll,  a  red  colouring-matter 
XKxoM^pl^coerytiirin*  Phycocyanin  and  phycoeiythrin  are  both  soluble 
in  water. 

Altliough  the  Fungi  do  not  contain  cUoropbyU,  yet  other  colouring- 
matters  are  frequently  present  in  them.  These  occur  in  all  Fungi,  firom 
the  Bacteria  to  the  Agarics,  and  they  are  of  different  hues,  yellow,  green, 
red,  brown,  and  blue.  The  Lichens  are  especially  rich  in  these  sub- 
Stances  :  the  Alga?  which  from  part  of  their  structure  (gonidia)  contain  of 
course  chlorophyll,  but  the  Fungus-part  of  the  Lichen  often  contains 
other  colouring-matters  in  quantity.  The  Lichens  which  are  used  for 
the  commercial  preparation  of  certain  pigments,  such  as  Litmus  (blue), 
do  not  contain  these  substances  as  such,  but  colourless  bodies,  such  as 
cryihrin,  Iccanorin,  etc.,  which,  on  decomposition  give  rii>e  to  substance 
orcin  (a  dih\dr(jxyl  derivative  of  toluene),  and  it  is  from  this  that  the 
pigments  are  obtained  by  various  process^ 

With  regard  to  their  chemical  nature,  the  colouring- 
matters  of  plants  are  considered  to  be  closely  connected  with 
the  aromatic  group  of  substances.  As  to  their  physiological 
significance,  they  may  be  regarded  simply  as  waste-products 

in  so  far  as  their  direct  use  in  cunsUuctivc  metabolism  is 
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cuncLined;  but  indirectly  they  arc.  in  many  cases,  of  great 
importance.  The  fact  that  chlorophyll  is  essential  to  the 
process  of  the  formation  of  organic  substance  from  carbon 
dioxide  and  water  has  been  already  dwelt  upon  at  length 
(p.  151).  The  colours  of  flowers  play  an  important  part  in 
attracting  insects  to  visit  the  iQower,  and  by  this  means  cross* 
fertilization  is  ensured. 

In  addition  to  the  substances  already  enumerated,  certain 
others,  known  as  bitter  principles,  arc  frequently  present  in 
plants.  It  has  been  ascertained  that  some  of  these  are  glu- 
cosides,  and  some  alkaloids,  but  the  chemical  nature  of  many 
of  them  is  still  undetermined.  Such  are  Santonin  (C„H„0,), 
Alotn  (Cj^H^O,),  Quassiin  (C^oH^jO,).  It  is  of  course  im- 
possible to  say  anything  as  the  possible  mode  of  their  origin 
or  as  to  their  physiological  significance  in  the  plant. 

We  have,  finally,  to  consider  certain  fatty  bodies.  It  has 
been  already  pointed  out  (p.  216)  that  the  ordinary  fats  are 
plastic  products,  but  there  are  certain  fatty  bodies  of  which 
we  cannot  make  this  statement :  such  are  cholesterin>  lecithin, 
and  wax.  We  do  not  know  how  these  substances  are  formed, 
though  we  may  regard  it  as  probable  that  they,  like  the 
ordinary  fats  (glycerides),  are  derived  from  protoplasm :  this 
view  is  especially  probable  in  the  case  of  lecithin,  which  is  a 
nitroj^cnous  and  phosphoiised  fat.  Nor  do  we  know  much 
about  their  fate  in  the  plant.  It  is  possible  that  cholestcrin 
and  lecithin  may  be  used  in  the  constructive  metabolism  of 
the  plant,  but  wax  is  to  be  regarded  as  a  waste-product. 
Wax  occurs  especially,  and  perhaps  exclusively,  in  the 
external  cell-walls  or  on  the  surface  of  those  parts  of  plants 
which  have  a  cuticularised  epidermis.  The  "bloom"  on 
fruits,  for  example,  is  a  layer  of  wax,  and  it  is  in  the  presence 
of  such  a  layer  that  the  ijlaucous  appearance  of  many  suc- 
culent leaves  and  stems  is  due.  In  some  cases,  more  par- 
ticularly in  Falms,  the  layer  of  wax  is  so  thick  that  it  is 
collected  for  commercial  purposes :  the  Palms  which  espe- 
cially yield  wax  are  the  Carnauba  Palm  of  Brazil  {Copimkia 
cerifera),  and  the  Wax-Palm  of  New  Granada  {Ceraxyltm 
Andicold). 
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The  waxes  are  not,  like  the  fats,  compound  ethers  of  glycerin,  but 
they  are  cpmpound  ethers  of  monoliydric  alcohols  with  the  higher 
members  of  the  fatty  acid  scries ;  with  these,  free  acids,  alcohols  and 
fats  are  mix^.  Thus  the  Carnauba  wax  has  been  found  by  Ma&kclync 
and  by  Berard  to  consist  of 

Melissin  or  Melissyl  alcohol  CmH«0 
Ccrotic  acid  or  Cerin  C^HmO^ 
Cerotin  or  Ceryl  alcohol  CxHtJO, 
Palmitiii,  Steann^  Laurostearin  etc  {Hta}. 

We  will  enquire,  in  conclusioii»  into  the  iate  of  the  waste* 
products.  Some  of  these,  such  as  oxygen,  water,  and  metfay- 
lamin,  are  excreted  in  the  gaseous  form ;  the  greater  part 
of  the  carbon  dioxide  is  also  excreted  as  a  gas,  but  some 
of  it  combines  with  earthy  bases  to  form  carbonates,  which 
are  either  retained  in  the  plant,  or  are  excreted  in  solution  : 
the  resins  and  ethereal  oils,  as  well  as  wax,  are  frequently 
excreted. 

The  mechanism  of  excretion  is  widely  different  in  dif^ 
ferent  cases.  The  resins  and  ethereal  oils  are  excreted 
usually  by  means  of  special  glandular  oigans.  The  gland 
may  be  a  hair  on  the  surface,  and  it  is  then  commonly  the 

terminal  cell  at  the  free  end  which  is  secretory  (i'i^g.  32); 
or  it  may  be  a  group  of  epidermal  cells  between  which  large 
intercellular  spaces  are  formed  which  serve  as  receptacles 
for  the  excreted  substance ;  or  the  gland  is  formed  by  the 
absorption  of  the  adjoining  walls  of  a  group  of  cells  belong- 
ing partly  to  the  epidermis  and  partly  to  the  underl>'ing 
ground  tissue,  a  cavity  being  thus  formed  whidi  contains 
the  excreted  substance:  or  ai^ain,  strands  of  cells  may  be- 
come separated  so  as  to  enclose  an  elongated  intc  rcelhilar 
space  into  which  they  excrete;  it  is  in  this  way  that  resin- 
ducts  are  formed  In  many  cases  the  substance  to  be 
excreted  may  be  detected  in  the  glandular  ceils ;  not  unfre- 
quently,  however  (always  in  the  case  of  wax),  no  trace  of  it 
can  be  observed  in  the  cells  themselves;  it  is  first  to  be  found 
in  the  cell-walls  between  the  cutieular  and  the  dcc^jcr  1  i)  crs. 
We  must  not  conclude  from  this,  as  de  Bar}-  points  out, 
that  the  excretion  is  actually  formed  at  the  expense  of  the 
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Fig.  31  (after  Kieuz).    Section  of  a  resin-duct  contaming  resin  (A)  from 

a  leaf  of  Pinm  syhfcstris. 

cellulose  of  the  cell-wall;  it  is  probably  derived  from  the 
protoplasm,  and  is  merely  deposited  in  the  cell-wall.  The 

actual  excretion  is  usually  effected,  in  the  case  of  superficial 
glands,  by  the  rupture  of  the  cuticle  which  is  continuous 
over  the  gland,  and  the  consequent  escape  of  the  contents 
(Fig.  32) :  in  some  cases  the  gland  remains  closed,  and  any 
volatile  substances  (ethereal  oils)  vdiich  may  be  present 
escape  by  evaporation. 


Fig.  It,   (after  de  Buy.)  GUadnkr  hain  of  Mmmla  simmrii.  The  •ecredon 
collects  between  the  cuticle  and  the  deeper  layer  of  the  cell^walL    In  a  the 

accumulation  of  the  secretion  is  commencing :  in  it  has  hecome  consider* 
aUe :       the  cuticle  has  ruptured,  allowing  the  secretion  to  escape. 
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The  excretion  of  salts  in  solution  (principally  calcium 
and  magnesium  carbonates)  is  most  commonly  effected  by 
means  of  a  well-developed  gland.  A  gland  of  this  kind, 
from  the  leaf  of  Saxifra^  crustata^  is  shewn  in  Fig.  19 
(p.  91).  The  gland  consists  of  a  group  of  modified  meso- 
phyll-cells  in  connexion  with  the  termination  of  a  fibfo- 
vascnlar  bundle:  one  or  two  water-pores  are  present  in  the 
cpirlrnnis  imrnediateiy  over  it  We  have  seen  that,  under 
the  action  of  the  root-pressure,  the  gland  excretes  water. 
The  excreted  water  collects  in  the  depression  at  the  maigin 
of  the  leaf  at  the  bottom  of  which  the  gland  lies,  and  as  the 
water  evaporates  the  salts  which  it  holds  in  solution  are  left 
behind  in  the  solid  form.  This  solid  residue  is  prevented, 
for  a  time  at  least,  from  filling^  up  the  water-pores  (Fi^.  19,  b), 
which  are  present  upon  the  surface  of  the  pit  and  upon 
which  the  salts  are  especially  deposited.  The  margin  of  the 
leaf  of  this  plant  is  marked  by  a  series  of  mineral  aggrega- 
tions formed  in  this  way,  resembling  beads,  each  of  which 
corresponds  to  a  gland.  Glands  of  this  kind  are  commonly 
present,  though  they  are  not  so  well-developed,  in  many 
allied  plants  belonging  to  the  Saxihagaccu  and  Crassulaceae. 

In  other  cases  these  salts  appear  to  be  excreted  by 
ordinary  epidermal  cells.  In  certain  Ferns  (various  species 
of  Polypodium  and  Aspidium)  scales  of  calcium  carbonate 
are  formed  on  the  surface  of  depressions  in  the  surface  whidi 
are  situated  immediately  over  the  terminations  of  fibro- 
vascular  bundles.  Similar  scales  occur  also  on  the  leaves 
and  herbaceous  stems  of  various  Plumbaginaceous  plants, 
but  in  these  they  bear  no  relation  to  the  fibiuvascular 
bundles.  In  these  cases  no  glands,  like  that  described  above, 
are  present;  it  is  therefore  to  be  concluded  that  the  epi- 
dermal cells  themselves  excrete  the  calcium  carbonate. 

It  not  unfrequently  happens,  however,  that  plants  excrete 
substances  other  than  waste-products,  but  this  has  the  effect 
of  securing  indirect  advantage  to  the  plant.  In  the  great 
majority  of  flowers  there  are  glandular  op^ans  which  excrete 
a  watexy  fluid  holding  principally  sugar  in  solution;  the 
organs  are  termed  mciaries,  and  the  excretion  necUir*  A 


Digitized  by  Google 


THE  METABOUSM  OF  PLANTS. 


247 


nectary  has  essentially  the  same  structure  as  the  water-gland 
described  above.  It  consists  of  a  e^roup  of  glandular  cells 
situated  in  close  relation  to  the  terminations  of  one  or  more 
fibrovascular  bundles,  the  only  important  diiference  in  struc- 
ture being  this,  that  whereas  the  water-gland  is  sunk  in  the 
tissue  and  is  covered  by  the  epidermis^  the  nectaiy  has  a 
large  free  surface,  so  that  the  nectar  is  at  once  poured  out  on 
the  surface.  The  difference  in  function,  to  which  attention 
has  already  been  dircclcd  (p.  loi),  is  this,  that  ihc  excretion 
of  the  nectar  is  independent  of  the  root-])rcssure,  whereas 
thc^  excretion  by  the  water-gland  can  only  take  place  under 
the  influence  of  the  root-pressure. 

Another  instance  of  an  excretion  of  this  kind  is  afforded 
by  the  carnivorous  plants.  The  glands  of  the  leaves  of  these 
plants  excrete  a  watery  liquid  which  holds  in  solution  a 
peptic  ferment  and  one  or  more  organic  acids.  The  structure 
of  the  f^l  inds  io  different  in  different  plants.  In  Droscra  the 
gland  IS  borne  at  the  end  of  a  filament  (tentacle).  It  con.bi^ts 
(Fig-.  33)  of  a  group  of  trachcides  which  are  connected  with 
the  fibrovascular  tissue  of  the  leaf  by  a  bundle  which  runs  up 
the  filament :  the  group  of  tracheldes  is  surrounded  by  one  or 
two  layers  of  parenchymatous  cells,  and  over  these  is  the  epi- 
dermis. In  Dionaea,  Pinguicula,  the  gland  is  a  modified  hair 
consisting  of  a  group  of  cells  borne  upon  a  short  stalk ;  in 
Nepenthes  it  is  sessile  (Kurtz,  Wunschmann).  In  Darlingtonia 
and  Sarracenia  there  are,  according  to  Batalin,  no  specialised 
glands,  but  the  effect  of  the  contact  of  organic  matter 
(insects,  meat,  etc.)  with  the  cells  of  the  lower  part  of  the 
pitcher  is  to  cause  the  excretion  of  some  substance  (probably 
the  digestive  excretion)  between  the  cuticular  and  tbs  deeper 
layers  of  the  cell-wall  of  the  cells  which  have  been  touched, 
and  this  is  followed  by  the  rupture  of  the  cuticular  la)  cr. 
This  rupture  has  the  effect  not  only  of  bringing  the  excretion 
into  relation  with  the  introduced  organic  matter,  but  also 
of  enabling  the  cells  which  have  thus  lost  their  cuticle  to 
absorb  the  oi^anic  matter. 

The  use  of  the  nectar  is  to  attract  insects,  and  thus  to  secure  cross- 
fertilisation.    The  position  of  the  nectary  in  a  liower  is  usually  such 
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Fig.  33  (after  Warming).  Gland  of  Droaeia. 


that  when  an  insect  visits  the  flower,  it  must,  in  order  to  reach  the 
nectary,  touch  the  anthers  and  carry  oiT  with  it  some  of  the  poUen,  and 
that,  when  the  insect  visits  another  flower  of  the  same  kind,  the  pollen 
which  it  carries  with  it  must  be  rubbed  off  upon  the  stigma. 

The  use  of  the  excretions  of  carnivorous  plants  is  to  dissolve  the 
organic  matter  (usually  insects)  which  has  been  dqxMited  on  the  leaves 
or  in  the  pitchers,  so  to  bring  it  into  a  form  in  which  it  can  be 
absorb^ 

Many  of  the  waste-products  are  not  excreted,  but  remain 
in  the  plant.  Thus  the  resins  are  indeed  excreted  by  the 
cells  which  line  the  resin -passages,  but  these  passages  have 
no  aperture  on  to  the  surface.  Similarly,  the  caoutchouc 
and  gutta-percha  which  are  contained  in  the  latidferous  tissue 
of  certain  plants  have  no  means  of  egress.  This  is  true  of 
the  tannic  acid,  of  the  calcium  carbonate  (to  some  extent) 
and  oxalate,  of  the  alkaloids,  and  of  silica. 
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Tbe  wastfr-prodncts  are  ttsuaOy  deposited  in  the  cdb  in  whidi  they 
are  pfoduced,  or  in  intercdhdar  ipaces  i^e.g,  vesin  passages) :  theie  are 
dms  two  kinds  of  fHt^kadu  f»r  nurUioHs^  oeihdar  and  interoeUtdar. 
Some  of  llieni  (calcinn  cariMoate  «if  ^^^^  alkaloids)  are  eqiecialty 
deposited  in  parts  of  the  plant  which  are  deddiioas^  such  as  leaves,  fruits, 
seedi^andbaik.  Calcium  carbooale  and  oaalate  are  deposited  usually  in 
the  fonn  of  crystals  either  in  the  ceU*waU  or  in  the  cell-cavity,  and  sflica 
in  the  ceH-walL  Allusion  has  already  been  made  (p.  23)  to  the  presence 
of  these  substances  in  the  cell-wall,  especially  to  the  deposition  of  calcium 
cubonate  in  crystoliths  (Fig.  34);  these  bodies  are  apparently  peculiar 


Fig.  34  (after  de  Btry).  Cyatolithfromtheleif  of  £Mlhiiiiam!^A^ 

to  the  orders  Urticaceie,  Euphorbiaccir,  and  Acanthacc;e.  Molisch 
has  obserN'cd  that  calcium  carbonate  is  commonly  to  be  found  in  the 
cells  and  vessels  of  the  heart-wood  (duramen)  of  dicotyledonous  trees. 
Calcium  oxalate  is  deposited  in  cells  as  either  single  crystals  or  a  cluster 
of  crystals  belonj^inj^  to  the  quadratic  system  (CaCaO,^  2HjO),  or  in 
groups  of  parallel  prismatic  crystals  (rapliides\  resembling  a  bundle  of 
needles,  belonging  to  the  clinorhombic  system  (CaCaO«  +  6HaO).  Some- 
times the  crystals,  belonging  to  cither  system,  arc  arranged  in  a  radiate 
manner  so  as  to  form  a  sphcro-crystal,  as  in  the  hyphaj  of  Phallus 
caninuSy  a  Basidiomycetous  Fungus. 
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METABOLISM  {continued). 

8,    The  Supply  of  Energy, 

Our  consideration  of  the  metabolism  of  phuit.s  \\  \\\  have 
made  it  evident  that  the  various  chemical  processes  involve 
an  expenditure  of  energy :  from  this  it  follows  that  the  con- 
tinuance of  these  processes,  in  other  words,  the  maintenance 
of  the  life  of  the  plant,  is  dependent  upon  a  supply  of  enet^. 
The  supply  of  energy  will  form  the  main  subject  of  the 
present  lecture,  but  we  may  conveniently  consider  in  con- 
nexion with  it  the  general  relations  of  light  and  of  heat  to 
plant-life. 

In  the  case  of  animals,  the  food  affords  the  principal 
supply  of  energy.  It  consists  for  the  most  part  of  complex 
organic  substances  which  represent  a  considerable  amount 
of  potential  eneigy,  and  when  these  substances  are  decom- 
posed in  the  body,  this  potential  energy  appears  in  the 
kinetic  form.  This  holds  good  also  with  reference  to  plants 
which  are  destitute  of  chlorophyll,  for  their  food  necessarily 
includes,  like  that  of  animals,  complex  ori^^anic  substances. 
But  with  plants  which  possess  chlorophyll  the  case  is  entirely 
different.  We  have  learned  (p.  121)  that  their  food  consists 
of  simple  inorganic  substances  which  do  not  represent  any 
considerable  amount  of  potential  energy ;  from  Aese  simple 
substances  green  plants  build  up  complex  organic  substances 
which  do  represent  a  considerable  amount  of  potential  ener^^y, 
substances  wlucli  serve  directly  or  indirectly  as  the  food  of 
all  living  organisms  whatsoever  which  do  not  contain  chloro< 
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phyll :  it  is  evident,  therefore,  that  green  plants  must  be 
lai^ely  supplied  from  without  with  kinetic  energy  in  some 
fonn  or  other. 

We  have  already  noticed  more  than  once  that  the  meta^ 

bolic  processes  of  plants  are  materially  affected  by  external 
conditions,  especially  by  the  presence  or  absence  of  light,  and 
by  variations  in  the  temperature  of  the  surrounding  medium. 
A  somewhat  elevated  temperature  is,  in  fact,  essential  to  the 
active  life  of  all  plants,  but  light  is  essential  only  to  the 
life  of  those  plants  which  contain  chlorophyll  This  naturally 
suggests  that  the  energy  requisite  for  the  life  of  plants  is 
obtained  by  tlicm  either  in  the  form  of  heat  or  of  li^ht. 
With  regard  to  heat,  its  importance  is  not  that  it  aftords  a 
continuous  supply  of  eneigy  to  be  converted  into  work  in  the 
plant,  but  that  it  determines  the  initiation  of  chemical  pro- 
cesses which  are  carried  on  by  means  of  energy  obtained  from 
other  sources:  hence  the  supply  of  energy  in  the  form  of 
heat  is  relatively  small,  as  compared,  on  the  one  hand,  with 
the  supply  of  (potential)  energy  afforded  by  their  food  to 
plants  which  do  not  possess  chlorophyll,  and  on  the  other 
hand,  with  the  supply  obtained  in  the  form  of  light  by  plants 
which  do  possess  chlorophyll.  With  r^rd  to  light,  we 
know  of  a  mechanism  in  plants,  but  only  in  plants  possessing 
chlorophyll,  by  which  the  radiant  energy  of  the  sun's  light 
is  converted  into  work:  light  then  is  the  special  form  in 
which  kinetic  energy  is  supplied  to  green  plants.  But  in 
addition  to  its  importance  in  the  constructive  metabolism  of 
green  plants,  light  has,  as  we  shall  see,  a  modifying  influence 
upon  certain  of  the  metabolic  processes,  the  nature  of  which 
is  not  in  all  cases  perfectly  understood.  We  will  now  study 
in  detail  the  relation  of  light  and  heat  to  the  metabolism  of 
plants. 

Ligki.   We  learned  in  a  previous  lecture  (p.  157)  that  a 

green  plant  is  incapable  of  constructing  organic  substance 
from  the  materials  of  its  food  unless  it  is  exposed  to  lii^^lu  : 
and  not  only  does  it  nut  increase  in  wci<jht,  when  in  darkness, 
but  it  loses  weight  in  consequence  of  the  exhalation  of  carbon 
dioxide  and  aqueous  vapour  in  respiration  (p.  195).  Prolonged 
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exposure  to  darkness  must,  therefore,  eventually  prove  fatal 
to  the  plant,  the  Icnt^th  of  the  time  bein^  determined  by  the 
amount  of  reserve  plastic  material  which  the  plant  possesses. 
On  the  other  hand,  adequate  exposure  to  light  enables  the 
green  plant  to  assimilate  its  food,  and  thus  not  only  to  make 
good  the  loss  due  to  respiration,  but  to  increase  in  weight 

The  foregoing  statements  are  well  illustrated  by  some  experiments  of 
Boussingault  and  of  Sachs. 

I.  (Boussingault}  Two  beans  of  known  we^ht  were  sown  in 
moistened  pumice-stone  on  June  36;  they  were  allowed  to  grow  until 
July  22,  the  one  exposed  to  daylight,  the  other  in  the  dark.  The  weights 
of  the  seedlings  were  then  determined. 


Plant  in  light. 

Weight  of  seed      ...   0  922  grme. 
„       seedling...    1^93  „ 

Gain  0*371  „ 


Plant  in  darkness. 

Weight  of  seed      . . .   0-926  grme. 
^       seedling...  0*566  „ 

Loss  0-360  M 


2.  Boussingault  ascertained  with  Oleander-leaves  that  for  one 
square  metre  of  leaf-surface  6336  cub.  ccnlim.  of  carbon  dioxide  were 
decomposed  during  12  hours'  exposure  to  daylight,  whereas  only  396  c.c. 
of  carbon  dioxide  were  exhaled  during  twelve  hours*  darkness.  It  is 
evident  firom  this  that  the  gain  in  weight  during  the  twelve  hours  of  day- 
light was  greater  than  the  loss  during  the  twelve  hours  of  darkness. 

3.  Sachs  sowed  four  seeds  of  Tropirolttrn  majus  in  each  of  ten  pots; 
the  seedlings  appeared  above  the  soil  on  April  2S.  They  were  then 
treated  as  follows  :  I.  two  pots  were  placed  in  a  tlaik  cupboard  ;  II.  two 
pots  were  so  placed  in  a  room  that  they  received  only  diflfuse  daylight; 
III.  two  pols  were  so  placed  in  a  window  that  they  received  diffuse  day- 
light for  seven  hours  daily ;  IV.  two  pots  were  so  placed  in  a  window 
that  they  received  difiuse  daylight  and  often  direct  sunlight  for  about 
six  hours  daily ;  V.  two  pots  were  so  phiced  in  a  window  that  they  received 
as  mudi  light,  both  difiuse  daylight  and  direct  sunlight,  as  possible.  On 
May  22  the  weights  of  the  plants  in  the  different  pots  were  determined. 

I.        II.       III.  IV.  V. 

Weight  of  seeds        0-394     0  394     0-394  o'394     0-394  grme. 

„      seedlings  0238    0*264    0-301  0*480     1*292  1, 

Loss  0*156    0*130    0*093  o'o86    0*898  „ 

A  plant  which  does  not  possess  chlorophyll  is  capable,  on 
the  contrary,  of  assimilating  its  food  in  the  absence  of  light. 
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The  reason  of  this  is  that  the  food,  consisting  as  it  does  largely  \ 
of  complex  orj^aiiic  .^ub.^tancc^,  supplies,  on  being  decomposed 
in  the  body,  the  necessary  cnerc,ry  for  the  carryin'^  on  of  the 
assimilative  or  constructive  processes.    Such  a  plant  is  there- 
fore independent  of  any  supply  of  kinetic  energy  from  without^ 
except  in  so  far  as  it  is  dependent  upon  an  adequate  tempe- 
rature for  the  initiation  of  the  decomposition  of  its  organic  | 
food.    A  plant  which  does  possess  chlorophyll  is  incapable  f 
of  constructing  complex  oi^anic  substances  out  of  the  ma- 
terials of  its  food  in  darkness,  for  it  then  has  no  supply  of 
energy  by  means  of  which  the  necessary  chemical  processes 
could  be  effected.    It  can  only  do  this  when  it  is  exposed  to  \ 
light,  and  can  absorb  the  necessary  radiant  energy.    It  is 
true  that  a  green  seedling  or  a  shoot  can  live  for  a  time  in 
darkness,  and  also  increase  in  weight,  but  it  does  so,  not  by 
assimilating  food-materials,  but  at  the  expense  of  complex 
organic  reserve-materials  stored  up  in  some  depository  with 
which  it  is  in  connexion.    Thus,  a  shoot  may  grow  from  a 
potato-tuber  to  a  great  length  in  the  dark,  but  this  is  accom- 
panied by  a  decrease  in  absolute  weight ;  that  is,  that  the  dry 
weight  of  the  shoot  and  of  the  tuber,  taken  together,  is  less 
than  the  original  dry  weight  of  the  tuber.   The  same  is  tru^  « 
as  shewn  above,  of  seeds  and  seedlings. 

In  a  previous  lecture  (TX.  p.  1 57)  it  was  pointed  out  that  it 
is  by  means  of  tlieir  chlorophyll  that  ^i  ccn  plant.s  are  enabled 
to  avail  themselves  of  the  kinetic  energy  of  the  sun's  rays  ;  we 
will  now  discuss  this  point  more  fully  than  we  did  then.  It  | 
was  then  mentioncc!  that  there  are  two  principal  conflicting 
views  as  to  which  of  the  rays  of  the  spectrum  are  the  most 
efficacious  in  promoting  the  decomposition  of  carbon  dioxide 
by  the  chlorophyll-corpuscles  of  plants,  that,  namely,  of 
Draper  and  of  richer,  according  to  which  the  yellow  rays  are 
the  most  active,  and  that  of  Lommel,  Timiriaseflf,  and  others, 
according  to  which  it  is  the  rays  which  correspond  to  the 
most  conspicuous  absorption-band  (band  l,  see  plate)  of  the 
chlorophyll-spectrum,  the  rays,  that  is,  between  the  lines  B 
and  C  of  the  solar  spectrum,  at  the  junction  of  the  orange  and 
of  the  red,  which  are  the  most  active.  The  obvious  difficulty- 
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which  presents  itself  in  considering  Draper's  and  Pfefifer's 
view  is  that,  inasmuch  as  the  yellow  rays  are  not  absorbed 
by  chlorophyll,  it  is  difficult  to  see  in  what  way  chlorophyll 
assists  in  the  conversion  of  these  rays  into  work  in  the  chloro- 
phyll-corpuscle. This  is  a  difficulty  which  has  never  yet  been 
eaq^lained,  and  it  is  one  which  appears  to  be  hardly  susceptible 
of  any  satisfactory  physical  explanation.  The  view  held  by 
Lommel  and  by  Timiriascff  is,  a  prion,  intelligible,  for  the 
rays  in  question  are  absorbed  by  the  chlorophyll,  and  it  may 
be  inferred  that  they  are  converted  into  chemical  work  after 
absorption.  Moreover,  the  experimental  evidence  is  decisively 
in  favour  of  the  latter  view.    In  his  eTcperiments  TimirtasefT 

\va.:>  carctui  to  work  with  a  pure  spectrum,  that  is,  he  endea- 
voured to  prevent  as  far  as  possible  any  admixture  of  the 
rays  of  different  colours,  so  that  the  red  portion  of  his  spec- 
trum consisted  almost  exclusively  of  red  rays,  the  yellow  of 
yellow  rays,  and  so  on.  Draper  and  PfefTer  clearly  worked 
fnth  impure  spectra,  for  in  their  experiments  the  aperture  of 
the  slit  by  which  the  light  was  admitted  was  very  wide  in 
order  to  increase  the  intensity  of  the  illumination.  Hence  in 
their  spectra  there  was  a  considerable  admixture  of  rays  of 
different  colours.  Their  observations  are  doubtless  accurate 
enough,  but  their  conclusions  as  to  the  relative  efficacy  of  the 
different  rays  of  the  spectrum  in  the  decomposition  of  carbon 
dioxide  are  vitiated  by  the  imperfection  of  the  method  by 
which  their  data  were  obtained.  TimiriasefTs  results  have 
received  important  confirmation  by  the  ingenious  experi- 
ments of  Engeimann,  to  which  reference  has  been  already 
made  (p.  156). 

Engelmann  ascertained  that  certain  Schizotnycetes  {Bacterium  termOy 
Cohn)  only  exhibit  their  movements  in  the  presence  of  free  oxygen  ;  if  a 
drop  of  water  containing  these  organisms  be  examined  under  the  micro- 
scope, the  Bacteria  collect  especially  at  the  cd^^es  of  the  cover-glass  and 
there  continue  their  movements,  and  those  which  remain  at  some  distance 
from  the  edges  soon  cease  to  move.  He  observed  also  that  if  a  cell 
containing  chlorophyll,  such  as  a  small  Alga,  be  introduced  into  such  a 
preparation,  the  Bacteria  collect  around  it,  provided,  of  course,  that  the 
illumination  is  sufficiently  intense  to  ensure  the  evolution  of  oxygen  by 
the  chlorophylL   By  observing  the  green  Alga  in  the  diiferent  regions  of 
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a  idativdy  pure  spectrum  prpduced  by  nwanf  of  a  mf  crospectroicope,  he 
ascertained  that  the  Bacteria  collected  especially  sn  the  region  between 
the  lines  B  and  C,  that  is,  at  the  junction  of  the  orange  and  red,  and  that 
there  was  a  secondary  maximum  of  aggregation  in  the  blue  just  beyond 
the  line  F :  these  regions  coincide  with  the  most  marked  absorption- 
bands  of  the  chlorophyll-spectrum.  Inasmuch  as  the  collection  of  the 
Bacteria  m  these  regions  is  an  indication  that  oxygen  is  being  evolved 
there*  these  observations  afford  most  valuable  support  to  the  view  that 
those  rays  are  the  most  active  in  the  decomposition  of  carbon  dioadde 
which  correspond  in  position  to  the  most  conspicuous  absorption-bands 
in  the  chlorophyU-spectrum. 


aB  c 
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Fio.  35  (after  Engelnuom).  A  pottkm  of  a  Cladophora  filament  seen  under  the 
microscope  in  the  solar  spectrum,  the  chloroj^hyll-corpuscles  being  omitted 

from  the  drawing.  The  ])rinci|>al  lines  of  ilie  spectrum  are  indicated.  The 
ng<;rci;alion  of  the  motile  iiacieiia  about  the  filament  is  seen  to  be  greatest 
between  the  lines  B  and  C. 

It  has  been  mentioned  (p.  152)  that  Engelmann  is  of  opinion  th  t 
some  of  the  ccjlouring-matters  which  are  characteristic  of  certain  Algae 
{pkyafxaMthUif  pkycocyaniHy  and  phycoerytkrm)  have  the  same  func- 
tion as  chlorophyll    He  obtained  with  various  brown,  bluish-gieeni 

and  red  Algie,  results  similar  to  those  given  above  with  reference  to 
chlorophyll,  though  the  points  of  maximum  aggregation  were  not  the 
same  inasmuch  as  the  absorption-spectrum  of  these  colouring-matters  is 
not  the  same  as  that  of  chlorophyll.  Thus  in  the  case  of  blue-green 
A\^cii  the  maximum  of  .ifrgrc^ation  is  not  in  the  red*orang^  but  in  the 
yellow,  and  in  the  case  of  red  AI>:;^a%  in  the  <;recn. 

Engehnann  was  enabled  to  estimate  quantitatively  the  relative  activity 
of  the  different  rays  of  the  spectrum  by  the  followinf^  method.  He 
observed  the  moment  when,  in  e;irh  successive  re<;ion  of  the  spectrum, 
the  movement  of  the  Hacteria  in  the  neij^hhourhood  of  the  Alga  bej^an, 
and  then  ascertained  the  width  of  the  slit.  The  width  of  the  slit  is  a 
measure  of  the  intensity  of  the  light ;  therefore  the  wider  the  slit  the 
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greiler  is  tiie  inunsity  of  light  required  to  produce  the  movements  of  the 
Bacteria  in  any  given  region  of  tlie  spectrom,  or^  In  other  words,  to  cause 
an  evolntioo  of  oxygen.  Assuming  that  the  evolution  of  oxygen  is  pro- 
portional to  the  intensity  of  the  light,  that  is^  to  the  width  of  the  slit,  the 
relative  activity  of  the  various  legions  of  the  spectrum  will  be  inversely 
proportional  to  the  width  of  the  slit  The  maximum  may  be  taken 
as  loa 

The  foUowiag  ate  some  of  the  results  obtained  in  this  way.  The 
observadoiis  were  made  with  a  prism-spectrum,  but  they  are  reduced  to 
tlie  diflraction-spectrum* 

I.    Green  Cells  (Sunlight). 

a      B|C    C|D      D      D*E  EJE      F      F^G  G 

6-38    100     &i'2     js'i     41*2     363     69-9     86r     809  472 

II.  Brown  Cells  (Diai^ms)  (Soiilight); 
J33    94*6    V*o    77*1     »«>     893     793     75  9     53*8  366 

III.  .fihiish-green  CeUa  {OsciUa^ha^  NosUe}  (Sunlight). 
—    ^5*3    967    w     —     44*4    —     ai*a  — »  — 

IV.   Red  Cells  {Floridice)  (Gaslight,  calculated  to  Sunlight). 
a     BiC   CiD     D     I>i£    D^E    E^^    E^F     F  G 
1*9    I5'4    3t'S  '  79'4    ^^'s    36*5    46*4  19*1 

We  learn,  then,  that  the  chlorophyll  (and  the  other  colour- 
ing matters  above  alluded  to)  absorbs  certain  rays  in  different 
parts  of  the  visible  solar  spectrum,  some  to  a  greater  and 
some  to  a  less  extent,  and  that  this  absorption  is  the  means 
by  which  the  kinetic  energy  of  the  rays  is  made  available  for 
the  work  of  constructive  metabolism.  It  is  of  interest  to  note, 
as  Timiriaseff  doc^,  that  tlie  maximum  absorption  of  chlo- 
rophyll coincides  exactly  with  that  portion  of  the  spectrum  in 
which,  according  to  Langley,  the  maximum  of  energy  falls. 
The  whole  of  the  kinetic  energy  thus  absorbed  is  not  trans- 
formed into  work»  but  still  the  dUoroj^yll^rpusde  appears 
to  be  a  very  perfect  machine  in  this  respect,  for,  according  to 
TimiriasefTs  calculations,  it  transforms  into  work  as  much  as 
forty  per  cent,  of  the  absorbed  energy. 

In  concluding  this  part  of  the  subject  we  will  briefly  con- 
sider the  relation  between  the  intensity  of  the  light  and  the 
decomposition  of  carbon  dioxide.  It  is  obvious  that  there 
must  be  a  minimum  intensity  at  which  this  process  first 
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begins  to  take  place,  and  the  results  of  a  great  number  of 
observers  all  tend  to  prove  that  a  feeble  light  is  less  active 
than  one  of  greater  intensity.  It  is  probable,  as  Sachs  points 
out,  that  there  is  an  optimum  intensity  above  which  the 
activity  of  the  process  decreases^  but  it  is  a  question  whether 
or  not,  in  the  case  of  any  given  plant,  this  optimum  inten* 
sity  is  ever  reached  or  surpassed  by  the  sunlii^lu  :  it  ajjpcars, 
however,  that,  in  some  of  his  experiments,  this  optimum  was 
observed  by  Famintzin. 

In  the  preceding  lenuurks  upon  iht  action  of  light  in  enablmg  plantt 
to  decompose  caurbon  dioxide^  our  attention  has  been  confined  to  wn- 
light;  a  few  words  muf  be  added  with  regard  to  light  derived  from 
artificial  sources.  The  experiments  of  D^htein  and  Maquenne,  of 
Famintrin^  and  of  Engelmann,  made  with  light  supplied  by  various  fianns 
of  lamps,  shew  that,  provided  the  light  is  sufficiently  intense,  carbon 
dioande.is  decomposed  and  oxygen  evolved ;  this  is  doubtless  true  also  of 
the.  electric;  light,  according  to  Siemen*s  observations. 

Inasmuch  as  light  exercises  so  great  an  influence  upon 
the  constructive  mctaboh'sm  of  green  plants,  it  may  be 
inferred  that  it  must  indirectly  affect  the  absorption  of 
mineral  food-materials  by  the  roots.  This  has  been  shewn 
to  be  the  case  by  Rudolph  Weber,  and  he  finds  further^  as 
might  be  expected,  that  rays  of  different  degrees  of  refrangi- 
bility  have  different  effects  in  this  respect.  The  greatest 
absorption  of  ash-constituents  took  place,  he  found,  in  white 
light,  it  was  considerable  in  impure;  yellow  light,  very  slight 
in  (impure)  violet  light,  and  least  of  all  in  green  light 

Weber  experimented  by  growing  peas  in  cases  coyered  with  glasses  of 
different  colours,  having  aacertainc4  in  eadi  case  hf  means  of  the 
spectroscope  the  composition  of  the  light  which  passed  through  the  glas% 
fdiich  was  never  monochromatic. 

The  following  is  a  brief  sommary  of  the  most  important  of  his  residts! 
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.  The  IbOnwiiig  table  gives  aa  ftcooont  of  tlie  dtfoent  Iciods  of  aab- 
coQstiuients  absorbed  in  light  of  diflferent  colours.  In  each  case  100 
tcedlings  we^e  analysed,  and  the  weights  given  are  in  granuneSa 
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It  will  be  noticed  that  when  the  plants  were  exposed  to  those  rays  of 
%ht  (impure  yeilow)  which,  as  we  have  seen,  arc  the  most  active  in 
promoting  constructive  metabolism,  the  essential  ash-cousutuents  are 
Absorbed  in  largest  quantity. 
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We  will  now  pass  on  to  consider  the  relation  of  light  to 
the  destructive  metabolism  of  plants. 

Inasmuch  as  the  respiration  of  a  plant  affords  an  indica- 
tion of  the  activity  of  its  destructive  metabolism^  we  will 
enquire,  in  the  first  instance,  if  ft  has  been  discovered  that 
respiration  proceeds  more  or  less  actively  in  light  than  in 
darkness.  With  regard  to  the  absorption  of  oxygen,  it  ap- 
pears from  the  researches  of  Mayer  and  von  Wolkoff — and 
theirs  seem  to  be  the  only  direct  observations  bearing  upon 
this  point — ^that  the  absorption  of  oxygen  by  seedlings  of 
various  plants  (wheat,  Buckwheat,  TropaeoSum),  is  slightly 
more  considerable  in  light  than  in  da.ikncss.  Similar  results 
"have  also  been  obtained  by  Pauchon.  From  this  we  may 
infer  that  light  does  not  promote  the  taking  up  of  oxygen 
by  the  living  protoplasm,  for,  were  this  the  case^  the  increase 
in  the  amount  of  oxygen  absorbed  would  be  much  more 
marked :  the  slight  increase  in  the  amount  of  ox>-gen  ab- 
sorbed in  the  light  is  probably  to  be  ascribed  to  the  influence 
of  h'ght  in  promoting  the  oxidation  or  oxidative  decom- 
position of  any  readily  oxidisable  substances  which  may 
be  present  in  the  cells.  To  these  latter  points  we  shall  return 
in  a  short  time.  Coming  now  to  the  other  factor  in  respira- 
tion, the  exhalation  of  carbon  dioxide,  we  find  that,  so  far  as 
plants  which  do  not  possess  chlorophyll  are  concerned,  there 
is  no  evidence  that  light  has  any  material  influence  upon  it. 
Cahours  found  a  slight  increase  in  the  amount  of  carbon 
dioxide  exhaled  by  flowers  when  exposed  to  light,  and  Drude 
observed  in  his  experiments  with  Monotropa  that  in  many  in- 
stances more  carbon  dioxide  was  evolved  during  the  night 
than  during  the  day.  Detmer  and  Wilson,  however,  both 
failed  to  find  that  the  exhalation  of  carbon  dioxide  in  light 
is  more  acti\e  than  it  is  in  darkness.  In  the  case  of  a 
plant  which  possesses  chlorophyll,  it  is  difficult  to  determine 
directly  the  efifcct  of  light  upon  the*  exhalation  of  carbon 
dioxide  on  account  of  the  decomposition  of  carbon  dioxide 
which  is  of  course  going  on  in  the  chlorophyll-corpuscles. 
It  would  appear  at  first  sight  lYoin  Borodin's  rciicarchcs  that 
the  exhalation  of  carbon  dioxide  by  green  plants  is  much 
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more  active  in  light  than  in  darkness.  lie  ascertained, 
oamely,  that  when  a  branch  with  green  leaves  is  placed  in 
the  dark  after  having  been  previously  exposed  to  lights  the 
exhalation  of  carbon  dioxide  rapidly  diminishes  until  it 
becomes  very  inconsiderable,  and  it  then  remains  approxi- 
mately constant.  After  a  short  re-exposure  to  light,  the 
activity  of  the  exhalation  of  carbon  dioxide  by  the  branch 
is  perceptibly  increased.  It  might  be  concluded  from  this 
that  light  aifects  the  destructive  metabolism  of  plants  and 
parts  of  pUints  which  do  not  possess  ,  chlorophyll  otherwise 
than  it  affects  that  of  plants  and  parts  of  plants  which  do 
possess  chlorophyll.  But  such  a  difference  does  not  really 
exist :  the  apparent  paradox  is  susceptible  of  a  simple  ex- 
planation. In  a  branch,  such  as  those  with  which  Borodin 
experimented,  there  i9  no  considerable  deposit  of  reserve* 
material ;  destructive  metabolism  is  carried  on  at  the  expense 
of  the  oi^nic  substances  which  are  being  formed  in  the 
leaves  ;  hence  the  activity  of  the  destructive  metabolism  ib 
determined  by  the  activity  of  the  constructive  metabolism  : 
in  the  dark  the  latter  cannot  be  carried  on,  and  hence  the 
activity  of  the  former,  as  indicated  by  the  evolution  of  carbon 
dioxide,  inust  soon  diminish. 

We  learn,  then,  that  light  has  very  little  effect  upon  the  re- 
spiration of  plants ;  it  appears  to  be  slightly  favourable  to  the 
absorption  of  oxygen,  but  it  has  no  diicct  effect  in  promoting 
the  exhalation  of  carbon  dioxide.  We  may  go  on  to  say 
that  the  destructive  metabolism  of  plants,  as  a  whole,  is  not 
materially  affected  by  light,  though,  as  we  shall  shortly  see, 
light  has  some  inffuenoe  upon  certain  of  the  processes  of 
destructhre  metabolism. 

We  ma\  Ui^icsi,  fur  a  iiKuncnt  to  consider  the  bearing  of 
the  conclusion  to  which  we  have  just  come  upon  Pringshcim's 
theory  of  the  function  of  chlorophyll  (p.  157)*  Tringsheim  is 
of'Opaiuon  that  light  promotes  the  respiration,  in  other  words, 
the  destructive  metabolism  of  plants^  and  he  believes  that  the 
fmictton  of  chlofophyll  is  to  absorb  those  rays  which  are  most 
active  in  promoting  destructive  metabolism,  and  thus  to 
render  possible  the  performance  of  the  various  constructive 
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processes.  But,  as  we  have  just  learned,  there  is  no  evidence 
to  shew  that  light  has  any  such  influence  on  destructive 
metabolism^  still  less  is  there  any  evidence  to  shew  that  the 
rays  which  are  absorbed  by  chlorophyll  are  especially  active 
in  this  respect 

The  most  obvious  effect  of  light  upon  the  metabolism  of 
plants  is  its  influence  in  causinj^  the  formation  of  colouring- 
matters.  The  most  conspicuous  example  of  this  is  afforded 
by  chlorophyll.  Chlorophyll  is  usually  not  formed  in  the 
absence  of  light  (see  p.  239) ;  I  say,  usually,  for,  according  to 
Sachs,  chlorophyll  is  formed  in  the  cotyledons  of  some 
Conifers  and  in  ihc  leaver  oi  l"'crns  in  complete  darkness, 
provided  t1i.it  the  temperature  is  sufficiently  hi^^h.  If  a  seed 
of  a  green  plant  be  made  to  germinate  in  tlic  dark,  the  seed- 
ling will  present,  amongst  others,  this  peculiarity,  that  it  is 
not  .  green,  but  is  of  a  pale  yellow  colour,  or  it  may  be  quite 
white*  Such  a  plant  is  said  to  be  etiolated.  The  yellow 
colour  of  an  etiolated  plant  is  due  to  the  presence  of  a  yellow 
colouring-matter,  etiolin,  in  its  corpuscles;  the  white  colour 
may  be  due  to  the  absence  of  any  colouring-matter,  but 
it  appears  probable  that  the  corpuscles  contain  a  colourless 
chromogen,  termed  by  Sachs,  leucopkyllj  which  under  a^pro* 
priate  conditions  gives  rise  to  chloroi  h}  11. 

The  formation  of  chlorophyll  will  take  place  in  light  of  very 
low  intensity,  but  still,  as  Wiesner's  experiments  shew,  there 
is  a  lower  limit  of  intensity  below  which  light  is  inactive. 
It  is  true  that  a  great  many  observers  agree  in  stating  that 
the  requisite  degree  of  intensity  is  different  for  different 
plants,  but  this  difference  must  not  be  taken  to  mean  that 
the  chemical  process  of  the  formation  of  chlorophyll  can  go 
on  at  a  low  intensity  of  light  in  some  plants  and  only  at  a 
relatively  high  intensity  in  others :  it  is  due,  as  Wicsner 
points  out,  to  the  fact  that  other  conditions  are  not  the  same 
in  all  cases;  for  instance,  leaves  diffef  in  the  thickness  of 
their  epidermis^  in  the  presence  or  absence  of  hairs,  in  thehr 
mode  of  vernation,  etc,  and  in  proportion  as  the  access  of 
light  to  the  mcsophyll  cells  is  interfered  with  by  any  of  these 
structural  peculiarities  the  formation  of  chlorophyll  will  be 
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retarded.  On  the  other  hand  it  appears  that  the  process  is 
retarded  when  the  light  is  very  intense,  for  it  has  been  fre- 
qnently  observ  ed  that  the  leaves  of  etiolated  plants  become 
green  more  rapidly  in  diffuse  daylight  than  in  sunshine. 

It  appeafs  from  the  researches  of  Wiesner  and  of  Mikosch 
that  the  formation  of  chlorophyll  in  an  etiolated  plant  does 
not  coiniuence  djrectly  the  plant  is  ex])n  ccl  to  light,  but  that 
a  longer  or  shorter  time  must  elapse  before  any  perceptible 
amount  of  chlorophyll  is  produced.  They  found  also,  in  har- 
mony with  the  foregoing,  that  the  effect  of  exposure  to  light 
does  not  cease  directly  a  plant  is  placed  in  darkness,  but 
tiiat  the  formation  of  chlorophyll  is  continued  for  a  time  in. 
the  dark.  This  aiocle  of  action  of  light  they  teiiii  photo- 
chemical induction,  an  expression  suggested  by  Bunsen  and 
Roscoe. 

With  r^[ard  to  the  relative  efficacy  of  the  different  ray^ 
of  the  spectrum  In  the  formation  of  dilorophyll,  it  appears, 
from  Wiesner's  reseaiches,  that  all  the  rays  between  Frauen- 

hofer's  lines  B  and  H  promote  it  to  a  greater  or  a  less  extent. 
Both  Gardner  and  Guillemin  found  that  seedlings  turned 
green  more  rapidly  in  the  yellow  than  in  an>'  other  part  of 
the  spectrum,  and  this  result  has  been  confirmed  by  Wiesner, 
Wiesner  has  observed,  namely,  that,  in  diffuse  daylight, 
chlorophyll  is  formed  first  in  plants  exposed  to  white  light, 
then  in  those  in  yellow  light,  then  in  those  in  green  light, 
then  in  those  in  red  light,  and  finally  in  those  in  blue  light. 
But  these  results  hold  only  for  light  of  low  intensity,  for  he 
observed  that  when  the  light  is  very  intense  the  formation 
of  chlofophyll  takes  place  earlier  in  blue  than  in  yellow  lig^t 
The  reason  of  this  is  that  in  intense  light  chlorophyll  under- 
goes dcconiposition,  and  this  decomposition  goes  on  most 
actively  in  yellow  light.  We  shall  recur  to  this  point  sub- 
sequently* 

Guilleinin  states  that  the  invisible  ravs  of  the  •^p'  ctrum,  both  the 
ultra-red  and  the  ultra-violet.  iiuUicc  tlic  formation  of  chlorophylL 
Wiesner,  who  has  rc-investi^atcd  this  point,  fails  to  confirm  Guillemin's 
statement  as  regards  the  ultra-red  r^ys,  and  leaves  it  still  uncertaia 
whether  or  not  it  holds  with  reference  to  th^  ultra-violet  rays. 
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The  relation  of  light  to  the  formation  of  chlorophyll  has 
been  invcstif^ated  chiefly  by  means  of  experiments  with  etio- 
lated seedlings,  but  it  must  not  be  assumed  that  the  process 
takes  place  once  and  for  all  in  the  life  of  a  plant  There 
can  be  little  doubt  that  the  chlorophyll  of  a  plant  is  always 
undergoing  decomposition,  and  it  is  therefore  necessary^  that 
the  formation  of  chlorophyll  should  also  be  continually  going 
on.  Sachs  ha*?  pointed  out  that  when  green  plants  are  kept 
for  some  time  in  tlarknc  s  the  leaves  gradually  turn  yellow. 
The  explanation  of  this  fact  is  this,  that,  in  the  dark, 
the  decomposition  of  the  chlorophyll  continues,  a  yellow 
colouring-matter  (see  in/m)  being  the  product,  whereas  no 
formation  of  fresh  chlorophyll  can  take  place.  Light  is 
necessary,  therefore,  not  only  for  the  first  formation  of 
chlorophyll  in  an  organ,  but  also  for  the  maintenance  of 
the  green  colour  during  the  whole  life  of  the  orf^an. 

It  appears  probable,  as  Wiesner  and  others  suggest,  that 
chlorophyll  is  formed  from  etiolin.  Wiesner,  amongst  other 
experiments  on  the  subjed^  observed  that  young  Pumpkin- 
seedlings  which  contain  no  etiolin  turn  green,  when  exposed 
to  light,  much  more  slowly  than  older  seedlings  which  con- 
tained etiolin  abundantly. 

Elfving  has  made  the  interesting  obser\'ation  that  light 
promotes  the  formation  of  etiolin.  On  exposing  etiolated 
seedlings  to  light  for  short  periods  at  a  temperature  which 
was  too  low  to  admit  of  the  formation  of  chlorophyll,  he 
noticed  that  their  leaves  assumed  a  deeper  yellow  colour,  and 
he  ascertained  that  the  change  of  colour  was  due  to  the 
presence  of  a  larger  quantity  of  etiolin.  He  found  that  the 
rays  of  low  refrangibility  (yello^x-,  orange,  and  red)  are  those 
which  are  especially  active  in  the  process.  From  this  we  may 
infer  that  the  formation  of  etiolin  is  always  going  on  in  actively 
living  chlorophyll-corpuscles;  this  accounts  for  the  fact  men- 
tioned in  previous  lectures  (pp.  154,  241)  that  etiolin  is  always 
found  to  be  present  in  alcoholic  solutions  of  chlorophyll;  and 
it  is  probable  that  chlorophyll  is  formed  from  the  etiolin  when 
jthe  conditions  arc  favourable. 

Although  light  ts»  as  we  have  seen,  in  most  cases  an 
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esaeiitial  condition  for  the  fonnatton  of  chloroph)^!,  yet  it 

also  promotes  its  decomposition.   This  is  proved  to  a  certain 
extent  by  some  of  the  facts  with  which  we  have  recently 
become  acquainted,  namely,  that  the  leaves  of  etiolated  plants 
become  green  more  rapidly  in  diffuse  daylight  than  in  direct 
sunlight,  and  that,  when  the  light  is  intense,  the  formation  of 
chlorophyll  takes  place  earlier  In  blue  than  In  yellow  light; 
but  more  direct  evidence  is  not  wanting.    It  has  been  fre- 
quently observed,  especially  in  the  case  of  Conifers,  that  those 
leaves  of  the  plant  which  arc  most  exposed  to  sunlight  in 
summer  have  a  yellowish  tuige  when  compared  with  leaves 
which  are  sliaded  to  some  extent,  and  they  may  become  quite 
yellow.  The  green  colour  of  these  yellow  leaves  may  how- 
ever be  restored,  as  Batalin  has  shewn,  by  covering  them  with 
something,  a  sheet  of  white  paper  for  example,  which  di- 
minishes the  intensity  of  the  light  which  reaches  them.  The' 
yellow  colour  which  leaves  assume  in  the  autumn  is  doubtless 
due  to  the  alteration  of  the  chlorophyll  under  the  influence 
of  light,  for  it  has  been  observed  that  the  autumn  colouration 
makes  its  appearance  first  In  those  leaves  which  are  most 
fiilly  exposed  to  light  (see,  for  Instance  Haberlandt,  Askenasy). 
We  have,  then,  two  processes  going  on  in  the  chlorophyll- 
corpuscle  under  the  influence  of  light,  the  formation  of  chlo- 
rophyll, and  the  decomposition  of  chlorophyll :  when  the 
former  is  the  more  active  then  the  corpuscle  is  green,  when 
the  latter,  then  the  corpuscle  becomes  more  and  more  yellow. 
The  summer  yellowness,  as  we  may  term  It,  appears  to  be 
due  solely  to  the  fact  that  Intense  light  promotes  rather  the 
decomposition  than  the  formation  of  chlorophyll ;  the  autum- 
nal yellowness,  on  the  other  hand,  appears  to  be  due  to  other 
causes,  for  in  the  autumn  the  light  is  not  usually  so  intense 
that  it  would  cause  the  decomposition  of  the  chlorophyll  to 
exceed  its  formation  in  the  corpuscle.   The  first  of  these 
cMer  causes' Is,  In  the  case  of  deciduous  leaves  at  least,  that 
the  vitality  of  the  leaf  Is  diminishing  as  it  approaches  the 
term  of  its  exi-^tcnce,  that  is,  that  all  itb  various  functions, 
includinp;^  of  course  the  formation  of  chlorophyll  in  its  cor- 
puscles, are  being  carried  on  with  a  rapidly  decreasing  activity. 
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In  the  case  of  persistent  leaves,  the  vitality  is  also  diminishing, 
but  the  diminution  is  due  father  to  the  unfavourable  external 
conditionSt  especially  the  low  temperature,  whtch  prevail  In 
autumn.  It  has  been  already  mentioned  (p.  239)  that  a  certain 
temperature  is  necessary  to  the  formation  of  chlorophyll,  and 
if  this  condiiion  is  not  complied  with,  as  is  usually  the  case  in 
autumn  and  winter,  no  chlorophyll  will  be  formed  and  the 
leaves  will  become  and  remain  yellow.  When  the  tempera- 
ture rises  in  the  spring  the  yellow  leaves  become  green  again* 
as  von  Mohl  first  observed,  that  is,  the  formation  of  chloro- 
phyll is  resumed.  This  may  be  effected  even  in  the  winter 
by  placinrr  the  plants  in  a  warm  atmosphere;  Askenasy  found, 
for  example,  tliat  when  a  branch  of  Thuja  with  yellow  leaves 
was  kept  in  a  warm  place  they  slowly  became  green. 

It  appears  that  the  conversion  of  chlorophyll  into  the 
yellow  colouring-matter  xanthophyll  or  phylloxantfain  (see  pi 
341)  is  effected  by  a  process  of  oxidation.  SMbier  observed 
long  ago  that  solutions  of  chlorophyll  when  exposed  to  light 
lose  their  green  colour,  and  Gerland  and  N.  J.  C.  Miiller,  in 
repeating  this  observation,  have  found  that  the  presence  of 
oxygen  ts  essential  to  the  process.  The  influence  of  light  in 
promoting  the  oxidation  of  the  chlorophyll  is  well  illustiated 
by  Pringsheim's  observation  that  when  chlorophyll-corpuscles 
are  exposed  to  intense  light  they  completely  lose  their 
colour  ill  a  few  minutes  pruviJcd  that  oxygen  is  present.  It 
is  doubtless  to  the  continuous  oxidation  of  chlorophyll  in  the 
plant  that  the  constant  presence  of  xanthophyll  in  solutions 
of  chlorophyll  is  due»  Sachs  and  Wiesner  have  further  ascer- 
tained that  the  decolouration  of  a  solution  of  chlorophyll  goes 
on  much  more  rapidly  in  intense  than  in  feeble  light,  and  that 
the  rays  of  low  refrangibility  are  more  active  in  producing  it 
than  those  of  high  refrangibility. 

In  nsay  cases  leaves  asfume  other  colours  than  yellow  in  thA  autonnt. 
Very  commonly  they  become  red.  This  is  due  to  the  presence  of  a  red 
colouring-matter  (erythrophyU)  or  probably  of  a  mixture  of  colouring- 
matters,  in  solution  in  the  cell-sap.  The  formation  of  erythrophyU 
appeals  to  be  dependent  to  some  extent  upon  light,  but  the  exact  condi- 
tions hxft  not  been  folly  investigated  (see  von  Mohl,  TrevaiaoMi  Wiesner, 
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Batalin,  G.  Haberlandt).  In  other  cases  leaves  assume  a  leathery  brown 
colour :  this  is  well-marked  in  some  Conifers,  such  as  various  species  of 
Thuja,  Yew,  Sequoia  giganUtu  This  colouration  is  only  produced  after 
the  plants  have  been  exposed  to  frost  (Kraus,  Habciiandt),  but  it  is  also 
in  some  way  connected  wiih  the  inllucnce  of  lii^ht.  It  appears  lo  be 
due  to  a  chemical  alteration  of  the  chlorophyll  by  the  action  of  some 
substance  (possibly  an  acid)  contained  in  the  cell-sap. 

S^n^bier  observed  that  if  strips  of  tin-foil  be  fastened  on  pears  and 
apples,  the  natural  red  a>lour  which  these  fruits  assume  on  ripening  is 
not  produced  in  those  parts  which  have  been  covered. 

It  will  be  remembered  that,  when  we  were  considering  the 

ctTcct  of  light  upon  respiration,  it  was  mentioned  that  it  tends 
to  promote  the  absorption  of  oxygen.  The  oxidation  of 
chlorophyll  is  one  instance  of  this,  but  it  is  probably  only  one 
of  many,  De  Saussure  observed  that  light  is  favourable  to 
the  absorption  of  oxygen  by  oil  of  Lavender,  and  Jodin  has 
found  this  to  be  also  the  case  with  ethereal  oils  and  solutions 
of  tannin.  It  has  been  suggested  (p.  236)  that  resin  is  formed 
in  the  living  plant  by  tlic  oxidation  of  an  ethereal  oil  (ter- 
pene),  but  notliing  is  known  as  to  the  influence  of  light  upon 
the  process. 

The  formation  of  the  other  colouring-matters  of  plants, 
those  of  flowers  for  example,  appears  to  be  less  dependent 
upon  the  action  of  light  than  is  the  formation  of  chloro- 
phyll.  Sachs  observed,  in  his  experiments  upon  etiolation, 

that  in  all  the  plants  which  came  11  nek r  his  observation,  tiic 
nowers  which  were  produced  in  darkness  were  coloured  in 
much  tho  same  manner  as  those  produced  in  light.  Askenasy 
has  however  found  that  this  is  by  no  means  always  the  case, 
but  that  the  colouration  of  flowers  is  in  many  cases  much 
modified  or  even  absent  when  the  plants  bearing  them  are 
kept  in  darkness.  There  are  not  at  present  sufficient  data  upon 
which  to  base  an  explanation  of  the  diversity  of  behaviour 
of  flowers  in  this  respect,  but  it  appears  to  depend  upon  their 
particular  hue.  Sorby  has  observed  that  the  red  colouring- 
matter  of  flowers  (which  is  probably  identical  with  erythn> 
phyll)  is  formed  in  smaller  quantity  in  relatively  weak  than 
in  relatively  strong  light. 

Comparatively  little  is  known  as  to  the  influence  of  light 
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upon  the  formation  oi  any  other  waste-products.  It  seems  to 
be  a  well-established  fact  that  light  is  of  importance  in  the 
fonnation  of  alkaloids,  for  tropical  plants  whidi  produce  these 
substances  in  abundance  in  their  normal  habitat  produce  only 

'small  quantities  when  grown  in  hot-houses  in  this  country. 
On  the  other  hand  it  appears  that  too  intense  hght  is  un- 
favourable to  the  accumulation  of  alkaloids  for  it  has  been 
observed  in  certain  cases  that  plants  which  have  grown  in  the 
shade  are  richer  in  alkaloids  than  others  which  have  been 
exposed  to  the  full  glare  of  the  tropical  sun*  This  is  probably 

-due  to  some  decomposition  of  the  alkaloids  under  the  influence 
of  intense  light.  Similarly  light  appears  to  be  unfavourable 
to  the  accumulation  of  organic  acids  in  the  plant,  for  both 
Wiesner  and  de  Vries  have  observed  that  etiolated  plants  are 
richer  in  organic  adds  than  plants  of  the  same  kind  which 
have  been  grown  in  light  This  is  in  harmony  with  the  facts 
mentioned  in  a  previous  lecture  with  reference  to  Mayer's 
observations  on  succulent  plants  (p.  232),  from  which  it  ap- 
pears that  lii^ht  causes  the  decomposition  of  organic  acids 
in  the  plant.  Further,  Rauwcnhof?"  found  that  the  ceils  of 
an  etiolated  Polygonum  cuspidatum  contained  no  crystals  of 
calcium  oxalate  whereas  they  are  abundant  in  green  plant%, 
and  that  the  amount  of  tannin  in  etiolated  leaves  and  branches, 
of  Polygonum  BistortOt  Rosa  emHfolia,  and  Vicia  Fada 
was  much  smaller  than  in  similar  organs  which  had  been 
developed  in  the  light. 

Finally,  it  appears  probable  that  light  also  influences  the 
metabolism  of  plants  by  affecting  the  action  of  unorganised 
ferments.  Ni^pce  dc  St  Victor  and  Corvisart  found  that 
starch  was  converted  into  sugar  more  rapidly  in  light  than  in 
darkness,  and  Mayer  observed  that  whereas  the  action  of 
invertin  and  of  pepsin  was  unaffected  by  light,  the  action  of 
rennet  (chymosin)  was  distinctly  retarded.  It  is  however  im- 
possible at  present  to  form  any  estimate  of  the  importuioe  of 
these  facts  in.  the  metabolism  of  plants. 

Jltdf.  It  is  a  well-established  fact  that  the  temperature 
of  the  surrounding  medium  has  an  important  influence  upon 
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the  activity  of  the  metabolism  of  living  organisms.  This  is 
especially  evident  in  the  case  of  animals.  The  metabolic 
activity  of  cold-blooded  animals  is  directly  dependent  upon 
the  temperature  to  which  they  are  expos^,  and  PflUger  has 
shewn  that  even  in  warm-blooded  animals  the  activity  of  me- 
tabolism varies  with  variations  in  the  temperature  of  the  sur- 
rounding medium.  A  remarkable  illustration  is  afforded  by 
the  phenomenon  known  as  "  hibernation  exhibited  even  by 
certain  warm-blooded  animals,  that  is,  that  when  the  animal 
is  exposed  to  a  persistently  low  temperature  its  metabolism 
is  reduced  to  a  minimum.  Plants  behave  in  relation  to  tem- 
perature like  the  cold-blooded  animals.  When  they  are 
maintained  at  a  low  temperature  they  cease  to  exhibit  any 
si^ns  of  life,  The  meaning  of  this  is  that,  at  a  low  tempera- 
ture, the  metabolic  processes  are  arrested  ;  but  this  arrest 
is  not  death,  nor  does  it  necessarily  involve  it,  but,  if  the 
exposure  to  the  low  temperature  be  long  continued,  it  may 
eventuate  in  death. 

We  may  cite  the  following  examples  in  illustration  of 
the  depressing"  effect  of  a  low  temperature  upon  the  metabolic 
processes.  De  Candolle  found  that  of  the  seeds  of  ten  species 
of  plants,  those  of  one  species  only  {Sifiapis  alba)  germinated 
at  o^  C. ;  and  even  in  this  case  germination  was  much  re- 
tarded,  for  whereas  these  seeds  germinated  at  o^C.  after 
seventeen  days,  similar  seeds  germinated  in  sixteen  days  at 
a  temperature  of  1*90  C,  and  in  four  days  at  570  C.  Similar 
observations  have  been  made  by  Sachs. 

The  minimum  temperature  for  germination  has  been  ascertained  in 
certain  cases.  Sachs  has  made  the  following  determinations,  the  mini- 
inum  temperature  being  that  at  which  a  smaU  proportion  only  of  the  total 
nuniber  of  seeds  germinated : 


Zea  Afdts 


Phaseolus  muUifiorus 
Cu  cmMa 
Wheat 

Barley  ■•• 


••• 


••• 


94  n 
If 

5^  n 
50  » 


Digitized  by  Google 


270  LECTURE  XIII. 

The  following  detenninattons  were  made  by  Haberlandt : 

Mintroum  between 

Buckwheat,  Hemp,  Oat,  Rye,  Rape,  Wheat,) 

Barley,  Flax,  Pea  j  ^"^^ 

Sunflower,  Maiae   4'8* — 10*5  „ 

Pumpkin,  Tobacco   io*$^i5'6  „ 

Melon,  Cucumber   15*6^— 18*5  „ 

Hoffmann  observed  that  the  spores  of  many  Fungi  do 
not  germinate  when  the  temperature  is  near  the  freezing- 
point,  and  that  those  which  do  germinate  do  so  very  slowly : 
thus,  spores  of  Uredo  Scgetum  germinated  at  a  temperature 
of  0*4—0*8  R.  in  six  days,  whereas  they  germinated  in  half 
a  day  at  I3*R.  Wiesner  ascertained  that  the  spores  of 
Penkiliium  glaucum  can  germinate  at  i*5*  C,  but  that  germi- 
nation at  that  temperaturt;  is  not  followed  by  the  develop- 
ment of  a  mycelium. 

The  effect  of  a  low  temperature  upon  individual  metabolic 
processes  is  also  well  marked.  It  is  well  known,  for  instance, 
that  the  unorganised  ferments  are  only  active  at  a  tempera* 
ture  considerably  above  o*  C  (Schiitzenberger).  With  regard 
to  respiration  it  has  been  already  pointed  out  (p.  198)  that 
the  absorption  of  oxygen  and  the  evolution  ol  carbon  dioxide 
is  less  considerable  at  a  low  than  at  a  relatively  high  tempera- 
ture, and  that  the  former  process  goes  on  more  actively  at 
low  temperature  than  does  the  latter;  it  appears  that  the 
zero-point  for  the  absorption  of  oxygen  Is  lower  than  that 
for  the  evolution  of  carbon  dioxide.  The  actual  zero-points 
for  these  processes  have  not  been  determined,  but  they  are 
undoubtedly  lower  than  that  for  growth  in  the  case  of  any 
given  plant.  It  was  mentioned  in  a  previous  lecture  (p.  239) 
that  when  normally  green  plants  are  exposed  to  a  low 
temperature  the  newly-formed  organs  are  yellow,  that  is, 
that  chlorophyll  is  not  formed  in  them.  Sachs  has  deter- 
mined the  lowest  temperature  at  which  the  chlorophyll- 
corpuscles  turn  green  in  the  following  plants:  in  Phaseolus 
multijionts,  in  Zea  Mais^  in  Sinapis  alba,  and  in  Ihassica 
Napus  at  above  6°C. ;  in  Piniis  Pinca  and  canadoisis  be- 
tween 7^  and  ii'^C.   Again,  the  decomposition  of  carbon 
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dioxide  with  evolution  of  oxygen  will  not  go  on  below  a 
certain  degree  of  temperature.  Cloez  and  Gratiolet  observed 
that  it  began  in  Potamogeton  between  lo'  and  1 5"  C,  and  in 
Vallisneria  above  6*  an  observation  which  has  been  con- 
firmed by  Sachs*  Boussingault  detected  an  evolution  of 
oxygen  from  leaves  of  the  Larch  at  0'5® — 2*5"  C,  and  from 
those  of  meadow  grasses  at  1*5** — 3*5*  C. :  in  the  case  of 
Hottonia  palnstris  Hcinrich  found  that  bubbles  of  oxj  gen 
were  first  given  off  at  2'fQ,  We  may  just  repeat  here  that 
the  absorbent  activity  of  the  roots  and  the  activity  of  trans- 
piration depend  very  much  upon  temperature  (see  Lectures 
IV.  p.  52,  and  VIL  p  108). 

We  will  now  consider  the  modes  in  which  exposure  to 
cold  causes  the  death  of  plants.  It  has  been  found,  in  the 
first  place,  that  long  continued  exposure  to  a  not  very  low 
temperature  proves  fatal.  This  fact  has  been  ascertained  by 
experiments  made  with  seeds.  It  has  been  already  pointed 
out  (p.  172)  that  if  seeds  be  kept  for  a  long  time  they  lose 
their  vitality,  and  it  appears  that  the  same  effect  is  produced 
by  exposing  them  for  a  comparatively  short  time  to  a  low 
temperature. 

Haberlandt  kept  seeds  of  a  number  of  plants  for  four  months  in  a 
vessel  surrounded  by  melting  ice,  and  then  sowed  them  at  a  temperature 
of  16^  C  He  found  that  seeds  of  the  following  plants  had  germinated  to 
a  certain  extent  during  the  four  months : 

Out  of  300  Rye  seeds  nearly  all  had  germinated. 
D     213  Hemp  ^  30  „  „ 

„     150  Vetch  „  %  n  n 

„     100  Pea  „  6  „  „ 

„     245  Mu^Uiid  „  30  »»  »» 

^     303  Red  Clover  „  29  „ 


.,     361  Lucerne  „  138 

„     200  Gold-of- Pleasure    „  i 


j»  If 


a.   Very  slight  elongation  of  radicle  ;  Rye,  Hemp,  Vetch,  Pea. 
^.    Considerable  elongation  of  radicle ;  Mustard,  Red  Clover,  Lu- 
cerne, Gold-of- Pleasure, 

and  that  seeds  of  the  following  had  not  genninated  at  all: 

Wheat,  Bariey,  Oat,  Rye-grass,  Buckwheat,  BeeC^  Rape,  Poppy, 
Fhuc,  Wbit«  Clover,  Bean. 
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The  seeds  of  die  Mltamog  plants  germinated  tt  tihe  end  of  the  fovr 
months  at  a  temperature  of  i&  C. : 

Out  of  2  T  s  1^}  c  seeds  4  germinated 

^      205  Hemp  „  ...       76  „ 

^      205  Mnstnrd  „  2  „ 

^  2S0  Lucerne  ...  3 
„     45a  White  Clover   „  23 

The  seeds  of  the  following  did  not  germinate  at  this  temperature : 

Wheat,  Barley,  Oat,  Rye-grass,  l  uckwheat,  Beet,  Goid-of- Pleasure, 
Rape,  Flax,  Poppy,  \  cich,  Lentil,  i  ca. 

It  has  been  found,  \u  the  second  place,  that  exposure  to  a 
very  low  temperature  for  a  short  time  is  not  necessarily  fatal, 
and  that  the  injury  which  a  plant  or  any  part  of  a  plant 
sustains  depends  very  much  upon  the  proportion  of  water 
which  it  contains.  The  relation  between  the  injurious  effect 
of  frost  and  the  proportion  of  water  in  the  cells  exposed  to 
it  has  been  lon^:^  known :  it  was  definitely  stated  by  A.  P.  de 
CandoUe  so  \ony;  ag^o  as  1832,  but  the  first  experimental  de- 
termination of  it  appears  to  have  been  made  by  Goppert  in 
t83a  He  exposed  seeds,  some  of  which  were  dry,  whereas 
others  had  been  previously  soaked  in  water,  to  a  temperature 
pf  from  —  25*C.  to  — 40*C.,  and  he  found  that  only  the 
moistened  seeds  were  deprived  of  their  germinating  power 
by  this  treatment.  Detmer  has  made  similar  observations 
with  the  same  results. 

A  remarkable  illustration  of  the  extent  to  which  dry  seeds  can  with- 
stand the  injurious  influence  of  extreme  cold  is  afforded  by  C.  de 
Candolle*s  observations.  He  exposed  seeds  of  a  number  of  species  of 
plants  for  about  two  ho'irs  to  a  temperature  ol  -  80'^  C,  obtained  by  the 
evaporation  of  liquid  sulphur  dioxide  and  nitrous  oxidCt  and  he  found 
that  none  of  tlicm  lost  their  power  of  germinating. 

With  ro^^ard  to  other  plants,  Cagniard  de  la  Tour  ascertained  that  dry 
Yeast  may  be  exposed  to  the  temperature  of  solid  carbon  dioxide  ( -  60** C.) 
without  being  killed,  whereas,  in  the  moist  state,  a  temperature  below 
-  50*^  C.  proves  fatal  to  it  :  Colm  found  that  Uacteria  were  not  killed  by 
exposure  for  five  hours  to  a  temperature  of  -  10"  C.  which  sank,  some- 
times, as  low  as  -  iS*^  C.  Probably  the  Schizomycetes  and  Saccharo- 
mycetes  cannot  be  killed  by  cold,  for  Schumacher  has  found  li)at  they 
survive  exposure  to  a  temperature  of  -  ii5'7^C. 
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The  death  of  cells  which  con  lain  much  water  when  ex- 
posed to  a  ven^  low  temperature,  appears  to  depend  upon 
the  conversion  of  the  water  into  ice.  The  effect  of  freezing 
is,  as  Sachs  has  shewn,  that  the  parenchymatous  tissues 
become  ruptured^  and  that  on  the  surface  of  the  isolated 
masses  of  tissue  radially  arranged  prisms  of  ice  are  formed. 
The  eifect  upon  each  individual  cell  is  then  this,  that 
the  water  which  i:.  ])rcsLi]t  in  it,  either  us  ceil  sap  or  as 
saturating  the  protoplasm  and  the  cell-wall,  is  gradually 
attracted  to  the  surface.  This  process  necessarily  involves 
a  considerable  disturbance  of  what  we  may  term  the  equili- 
brium of  the  cell,  in  that  the  cell-sap  becomes  diminished  in 
quantity,  and  that  what  of  it  remains  is  very  concentrated, 
that  is,  that  it  holds  in  solution  a  relatively  largfer  quantity 
of  the  substances  present  in  it  than  is  normally  the  case. 
Further,  it  appears  from  the  observations  of  Kunisch  that 
the  lowering  of  the  temperature  of  the  cell-sap  may  be 
accompanied  by  chemical  changes  in  the  substances  which 
it  holds  in  solution,  and  it  is  possible  that  these  changes 
may  be  prejudicial  There  can  be  little  doubt  that  the 
leathery  brown  colour  which  is  assumed  after  exposure  to 
frost  by  the  persistent  kavcs  of  certain  plants  is  due  to 
changes  of  this  kind  (sec  p.  267).  Finally,  if  the  exposure 
be  long  continued,  it  will  lead  to  the  actual  disorganisation 
of  the  protoplasm,  and  therefore  also  to  the  death  of 
the  cell. 

Provided  that  the  protoplasm  has  not  undergone  dis- 
organisation, the  formation  of  ice  does  not  necessarily  involve 

the  death  of  the  cell.  If  a  frozen  organ  be  tliawed  slowly, 
so  that  its  cells  can  gradually  absorb  the  water  which  they 
have  lost,  equilibrium  will  be  restored  in  the  cells  and  they 
may  continue  to  live.  If,  on  the  contrary,  the  thawing  be 
rapid,  so  that  the  water,  instead  of  being  absorbed  by  the 
cells,  escapes  into  the  intercellular  spaces,  then  the  oigan 
is  killed. 

Sachs  found,  for  instance^  that  leaves  of  the  Beet  and  of  the  Cabbage 
frozen  at  from  -  4*  C.  to  -  6^  C.  and  thawed  either  in  air  at  a^—j^  C  or  in 
water  at  €fi—ic^  C.  were  killed,  whereas,  when  they  were  slowly  thawed  in 

V.  18 
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water  at  o^C,  they  survived:  even  the  very  sensitive  leaves  of  the 
Tobacco  were  not  killed  by  freezing  when  they  were  slowly  thawed. 

A  good  illustration  of  this  is  afforded  by  Tautphocus'  experiments 
with  seeds.  He  exposed  the  seeds  for  a  night  to  a  icrapciaiiiic  of  -  5^C., 
and,  after  either  slow  or  quick  thawing,  sowed  them.  The  percentage  of 
the  seeds  which  germinated  in  the  two  cases  is  given  in  the  following 
table: 


u  After  slow  thawing : 

No/  frozen.  Frozen. 

Wheat  loo   ^     86  germinated. 

Rye  97    88  „ 

Rape  loo    97  |» 

2.  After  rapid  thawing : 

Not  fivxett,  FroMitu 

Wheat         100    18  germinated. 

Rye  97    35  i» 

Rape  100      •••  m 

The  greater  tolerance  of  cold  which  is  exhibited  by  organs 
which  contain  little  as  compared  with  those  which  contain 
much  water,  is  to  be  attributed  to  various  causes.    In  the  first 

place,  organs  which  contain  a  rchiti\Ll}'  laiL'c  quantity  of 
water  are  in  a  more  actively  living  condition  tluui  those  which 
contain  but  little;  the  protoplasm  is,  in  the  former  case,  more 
susceptible  than  in  the  latter  to  the  injurious  effect  of  that 
disturbance  of  the  equilibrium  of  the  cells  which  we  have 
spoken  of  as  the  result  of  the  freezings  of  the  water  which  is 
present  in  them.  Secondly,  the  cell-sap  in  relatively  diy 
organs  is  more  concentrated  than  that  of  watery  organs  ,  as 
a  consequence  the  formation  of  ice  involves  a  lower  tempera- 
ture in  the  former  case  than  in  the  latter^  and  the  resulting 
disturiMtnoe  is  lesd  considerable  in  the  one  case  than  in  the 
other. 

Miiller-Thurgau  gives  the  following  illustrations  of  the  difference  in 
the  freeiing-point  for  various  organs.  The  succulent  labellum  of  Phajus 
freetes  at  -o'^(>^Z,  \  the  ^ncrulent  leaf  of  Sempervivum  at  -o7<*;  the 
Potato-tuber  at  - 1®;  the  leaf  of  TradUscantia  mexkana  at  -  116";  the 
U^-leaf  at  -  1*5^ ;  the  leaves  tAPinus  austriaca  at  -3'5° ;  young  sboou 
of  Thujopftis  at  -4®C« 
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The  effect  of  freezing  is  to  make  the  organs  hard  and 
brittle,  and,  in  the  case  of  succulent  organs,  to  give  them  a 
transparent  glassy  appearance.  The  destructive  effect  of 
freezing  upon  succulent  oi^ans  is  very  clearly  exhibited  when 
they  have  been  rapidly  thawed ;  they  are  quite  flaccid,  be- 
cause the  protoplasm  of  the  cells  is  now  no  longer  capable 
of  maintaining  their  turgiility-  (p.  40).  The  permeability 
of  the  protoplasm  is  demonbtratcel  by  the  fact  that  in  cells 
in  which  coloured  cell-sap  is  present,  the  protoplasm  becomes 
stained  by  the  colouring  matters  when  the  cells  have  been 
killed  by  freezing  (p,  44). 

From  the  various  facts  with  which  we  have  now  become 
acquainted  we  may  draw  some  general  conclusions  as  to  the 
relation  of  cold  to  the  life  of  plants.  We  see,  in  the  first 
place,  that  the  power  of  enduring  extreme  cold  is  possessed 
in  different  degrees  by  one  and  the  same  organ  in  different 
plants.  Martins  compares  each  plant  to  a  thermometer,  the 
zero-point  of  which  is  the  minimum-temperature  at  which  its 
life  is  possible.  Secondly,  we  learn  that  the  different  meta- 
bolic processes  do  not  all  stand  in  the  same  relation  to  tem- 
perature ;  that,  in  an)  given  plant,  some  of  the  processes 
can  go  on  at  lower  temperatures  tlian  others,  each  process 
having  its  own  zero-point.  Thirdly,  that  the  larger  the 
proportion  of  water  in  an  organ,  the  more  liable  it  is  to  be 
injured  by  frost:  hence  the  zero-point  for  the  life  of  any 
given  organ  will  vary  according  to  the  amount  of  water 
which  it  contains  at  different  times. 

We  have  learned,  so  far,  that  a  certain  temperature  is 
essential  to  the  maintenance  of  the  life  of  the  plant,  and  we 
have  now  to  study  the  effect  of  different  and  relatively  high 
temperatures  upon  it  The  relation  of  temperature  to  the 
metabolic  and  other  processes  of  plants  may  be  generally 
stated  thus ;  that,  as  the  temperature  rises  above  the  zero- 
point  for  any  given  process,  that  process  is  performed  with 
greater  activity.  Some  illustrations  ol  this  liave  been  already 
given  with  reference  to  absorption  (p.  52),  transpiration  (p. 
108),  respiration  (p.  198)  and  germination;  to  these  the  fol- 
lowing may  be  added.   Sachs  found  that  whereas  the  roots 

18—2 
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of  a  Tobacco-plant  and  of  a  Gourd  in  a  moist  soil  at  a 
temperature  of  — S'C.  did  not  absorb  sufficient  water  to 
compensate  for  the  loss  by  transpiration,  they  did  so  when 
the  temperature  of  the  soil  was  raised  to  12 — 18*^  C.  Hein- 
rich  found  that  the  number  of  bubbles  of  oxygen  given  off 
by  Hottonia  palustrU  (immersed  in  water  and  exposed  to 
light)  at  a  temperature  of  io-6* — ir2*  C.  was  145 — 160  in  a 
unit  of  time,  the  number  ^iven  off  at  3i"C.  was  54;-^  5  So. 

It  must  not  be  assumed,  however,  that  there  is  an  exact 
proportion  between  the  rise  of  the  temperature  and  the  in- 
creased activity  of  any  particular  metabolic  process.  The 
nearest  approach  to  such  a  proportion  is  afforded  by  Mayer's 
observations  (p.  198)  on  the  absorption  of  oxygen  by  seed- 
lings at  different  temperatures,  but  even  in  this  case  it  is  not 
exact. 

The  activity  of  the  metabolic  processes  cannot  be  indefi- 
nitely increased  by  a  rise  of  temperature.  As  the  temperature 
rises  from  the  zero-point  for  any  one  process,  the  activity  of 
that  process  is  increased  until  a  certain  degree  of  temperature 
is  reached,  and  any  further  rise  of  temperature  leads  to  a 
diminished  activity  of  the  process  in  question,  until,  at  a 
certain  temperature,  it  ceases  altogether.  We  see,  then,  that 
for  each  metabolic  process  there  are  tiiree  airdifial  points  of 
temperature ;  the  minimum-  or  zero-point  at  which  the  per- 
formance of  the  process  is  just  possible,  the  optimum-point 
at  which  it  is  carried  on  with  the  greatest  activity,  the 
mum-point  at  which  it  is  arrested.  In  our  study  of  respiration 
wc  met  with  two  cases  which  illustrate  this  statement.  In  the 
table  of  Mayer's  observations  on  seedlinf^s  of  Tropcroliiin  itiajus 
(p.  198),  it  appears  that  the  absorption  of  oxygen  gradually 
increased  as  the  temperature  was  raised  from  224°  C.  to 
35*^  C,  but  that  it  was  less  considerable  at  38*2*  C  than  at 
35^  C. ;  from  this  it  is  evident  that  the  optimum  degree  of 
temperature  is  lower  than  38'2*  C.  The  other  case,  which  is 
of  a  similar  nature,  but  refers  to  the  e\'olution  of  carbon 
dioxide,  occurs  in  the  tables  of  Deherain  and  Moissan's 
expcrmients  with  leaves  {Sinapis  alba,  p.  199).  With  regard 
to  the  decomposition  of  carbon  dioxide  and  the  evolution  of 
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oxygen  by  green  plants  exposed  to  light,  Helnrich  found  that, 
in  the  case  of  Hottonia palustris^  the  number  of  bubbles  given 
off  in  a  unit  of  time  gradually  increased  as  the  temperature 
rose  up  to  31^  C,  and  that  a  further  rise  in  the  temperature 
diminished  the  number  of  the  bubbles  evolved  until,  at 
56*  C,  the  evolution  of  gas  ceased  altogether:  31"  C.  is 
then  the  oplinium-temperature  for  this  process  in  this  plant, 
and  56°  C.  is  the  maximum  temperature.  The  optimum- 
temperature  for  alcoholic  fermentation  appears,  according  to 
Mayer,  to  lie  between  25*  and  30*  C  It  is  not  possible  to 
make  any  general  statement  as  to  the  optimum-temperature 
for  the  action  of  the  various  unorganised  ferments,  for  it  has 
been  found  that  the  temperature  is  different  for  the  different 
kinds  of  fcrnicnts,  and  lor  the  same  kind  of  ferment  obtained 
from  different  sources,  and  that  the  nature  of  the  liquid  in 
which  any  given  ferment  is  dissolved  affects  the  position  of 
the  optimum-point  Mayer  mentions  that  this  point  is  about 
50^  C.  for  Emulsin,  and  for  various  specimens  of  Invertin  he 
determined  optimum-points  between  and  48*  C.  The 
optimum-  and  maxnnuin-points  for  germination  have  been 
ascertained  by  Haberlandt,  Sachs,  and  Just  for  a  number  of 
seeds. 


Haberiandt's  determinations  arc  as  follows ; 

Optimum  M.iximiiin 
between  bciwccn 

Wheat,  Rye,  Barley,  Oat,  Flax,  Pea   25®— 3i<»C.  3i<>— 37*C. 

Buckwheat  25*— 31  „  37*— 44  „ 

Red  Clover,  Sunilrw  r,  Lucerne         31" — 37  ,,  yf — 44  „ 

Mai^e,  Hemp,  Pumpkin  37^—44  „  44^ — 50  „ 

Melon,  Cucumber  31* — 37  „  44^ — 50  „ 


bachs  determined  the  following  temperatures  : 


Optimum 

Maximum 

Zea  Mais 

34*0^  C. 

46-30  c 

PhoHolus  multijhrus 

0  If 

46-2  „ 

CucurbUa  Ptpo 

34-0  „ 

46  2  „ 

Wheat 

29  0  „ 

42-5  r, 

Barley 

29  0  „ 

37  5  >i 

Just  found  the  maxima  for  Wheat  and  Barley  to  be  37^— 3^*5*  C. 
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Wc  have  seen  that  exposure  to  a  temperature  liiLjher  than 
the  optimum  exercises  a  depressing  influence  upon  the  various 
metaboh'c  processes,  and  we  shall  now  learn  that  a  consi- 
derable rise  of  temperature  is  fatal.  We  shall  find,  moreover, 
that  the  conditions  for  the  fatal  action  of  an  excessively  high 
temperature  and  the  mode  of  that  action  are  very  much  the 
same  as  in  the  case  of  an  excessively  low  temperature.  The 
higher  the  temperature,  the  longer  the  exposure  to  it,  and 
the  larger  the  j)roportion  of  water  which  the  plant  or  organ 
contains,  the  more  actively  will  the  prejudicial  effect  be 
produced.  The  following  facts  will  illustrate  these  state- 
ments. 

In  the  case  of  entire  plants  Sachs  found  that  an  exposure 
to  air  at  a  temperature  slightly  above  51*  C.  for  ten  minutes 

sufficed  to  injure  them,  and,  in  many  instances,  to  kill  them, 
and  that  immersion  for  ten  minutes  in  water  at  51"  C.  proved 
fatal  in  all  cases.  The  plants  with  which  he  experimented 
were  Nkotiam  rustica^  Cucurbita  Pepo,  Zm  Mais,  Mimosa 
pudicar  TropoMflum  majus,  Brasska  Napusn  Similar  experi- 
ments with  water  plants  ( VaUisneria  spiralis^  Ceratopkylium 
demersuvi,  Chara  sp.,  and  Cladophora)  shewed  that  immersion 
in  water  at  50"  C.  for  ten  minutes  was  fatal  ;  VaUisneria  and 
Chara  were  killed  when  the  water  had  a  temperature  of 
45"  C. 

The  following  detenninations  of  iatal  temperatures  are  due  to 
de  Vries : 


t.   Roots,  and  branches  with  leaves : 


Roott 

Leafjr  facanchci 

in  water 

in  dry  earth 

in  water 

Zca  Mais 

52-2''  C. 

Tropaolum  ma  jus 

47'o  „ 

Citrus  Auranlium 

5t>  5  », 

5-  i  » 

Pkaseolits  vulgaris 

47  0  „ 

SI'S  « 

Brasska  A^apus 

47  0  i> 

528  n 

Lupitius  albus 

4S'8  »> 
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in  water 


Viitca  minor 


young  leaves 


533' 


Erica  earma 


young  leaves 
Taxm  baceata 


50*6 


» 


young  leaves 


52  0  „ 


5.  Cryptogams  (entire  plant  in  water) : 


Futtoria  hygronutrica  43  4'*  C. 

MarchanHa  poiytrwrfha  46*4  „ 

Oedogonium  sp.-  44*3  „ 

Spirogyra  sp.  44*2 

Oscillatoria  (various  species)  45*1  „ 


According  to  Mayer  and  others  the  fatal  temperature  for  moist  Yeast 
is  about  53* C;  but  the  temperature  is  not  the  same  for  all  species  of 
Saccharomyces,  and  it  varies  with  the  nature  of  the  liquid  in  which  the 
Yeast  is  warmed.  Schiitzcnbcrg^er  states  that  dry  Yeast  may  be  heated 
to  nearly  ioo*^C.  without  losing  its  vitality.  Cohn  has  found  that  Hnrteria, 
in  his  norma!  solution,  arc  killed  when  the  liquid  is  heated  up  to  or  above 
60^*  C.  for  aa  hour,  and  that  an  exposure  of  14  hours  to  a  temperature  of 
45**  C.  or  of  3  hours  to  a  temperature  of  50*' C.  proves  fatal.  Kuhne 
found  that  the  Plasmodium  of  Jlihalium  seplicum  were  killed  by  an 
exposure  of  two  minutes  to  a  temperature  of  40*^  C. 

Some  plants  exhibit  a  remarkable  tolerance  of  high  tem- 
peratures. De  Candollc  mentions  that  Oscillalorias  grow  in 
hot-springs  such  as  those  of  Plombieres,  at  51"  C,  of  Dax,  at 
49*  C,  of  Carlsbad,  at  50''  C.  Cohn  found  Leptothrix  lanuUosa 
growing  in  the  hot-springs  of  Carlsbad  at  temperatures  of 
from  54*C. — ^44*  C.  In  these  cases  there  seems  to  be  a  certain 
adaptation  of  the  organisms  to  the  conditions  of  their  envi- 
ronment. 

The  most  striking  illustration  of  the  fact  that  when 
organs  contain  a  relatively  small  proportion  of  water  they  arc 
better  able  to  endure  exposure  to  high  temperatures  than 
when  they  contain  a  relatively  large  proportion  of  water,  is 
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afforded  by  seeds.  In  a  series  of  experiments  made  upon  the 
seeds  of  a  great  number  of  plants  (88  species)  Haberlandt 
found  that  the  (]ry  seeds  were  not  in  any  case  injured  by 
being  exposed  for  forty-eight  hours  to  a  temperature  of  77*  C. 
and  that  in  some  cases  the  seeds  survived  an  exposure  of  the 
same  duration  to  a  temperature  of  100^  C.  He  found,  indeed, 
that  }3rc\  ious  warming,  if  not  excessive,  was  beneficial  to  the 
seeds  inasmuch  as  it  shortened  the  period  of  germination. 

Thus,  seeds  warmed  for  48  hours  at  temperatures  of 
germinated  in 

5*45.         5*2.         5%  5*03  days. 

Again,  von  Huhncl  found  that  most  seeds,  provided  that  they 
are  quite  dry,  survive  an  exposure  of  one  hour  to  a  tempera- 
ture of  1 10''  C.  He  considers  that  the  maximum-temperature 
which  dry  seeds  can  bear  for  at  least  a  quarter  of  an  hour 
without  being  killed,  lies  between  no*  and  125*  C. 

When  seeds  are  exposed  to  a  moist  heat,  or  when  they  are 
heated  in  water,  they  are  killed  at  lower  temperatures  than 
those  mentioned  above,  and  in  a  shorter  time.  Edwards  and 
Colin  observed  that  an  exposure  of  fifteen  minutes  to  water)* 
vapour  at  62®  C.  sufficed  to  kill  more  than  half  the  number  of 
the  seeds  (of  Leguminous  and  Cereal  plants)  experimented 
with,  and  an  exposure  of  the  same  duration  to  watery  vapour 
at  72**  C.  killed  them  all.  Just  found  that  an  exposure  of  four 
days  duration  to  watery  vapour  at  4  )  C.  was  iiijui  lous  to  Oat- 
and  Barley-seeds  ;  that  an  c>q)osurL  for  24  hours  at  a  tempera- 
ture of  50"  C.  was  more  injurious  than  the  exposure  for  four 
days  at  40*  C. :  that  exposure  for  24  hours  at  a  temperature 
of  60*  C.  was  fatal  With  regard  to  the  effect  of  heating  seeds 
in  water,  it  must  be  borne  in  mind  that  a  prolonged  soaking  in 
water  at  ordinary  temperatures  is  in  itself  prejudicial.  The 
|)rejudiclal  effect  is  remarkably  increased  as  the  temperature 
of  the  water  is  raised.  Edwards  and  Colin  found  that  if 
seeds  are  kept  for  n  loncf  time  in  water  at  a  temperature 
of  35^  C.  they  are  killed.  This  observation  has  been  confirmed 
and  extended  by  Haberlandt  and  by  Just 
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The  following  are  some  of  Habcrlandt's  results :  the  temperatures 
prtn  are  those  of  the  water  in  which  the  seeds  were  soaked. 


I.  Wheat. 
Control  experiment 
5  hoai  s  at  30*'  C. 

fi  •« 

„      50"  C. 

»  >» 


5 

10 

5 

10 


II.  Barley. 
Control  expcnmont 
5  hours  at  30*'  C. 

5      n  SO^C. 


Wldiout  pnviow  toddng 


Pncntage  of 

see<is 
germioatcd 


98 
96 

97 
88 

90 
60 
I 


in.  Hemp. 

Control  experiment 
10  hours  at  30^  C 

»       SO  It 
S    »      S5  f* 


IV.  Buckwheat. 
Control  experiment 
10  hours  at  30*^  C. 
»       40 » 
t>       50  » 
5    »      55  jf 


98 
58 
36 

5 

I 

o 


96 

58 
46 

37 
o 


79 
2 

Q 


Mean  dimtkm 

of  germination  ; 


1-6 

1  55 
2*25 

2  36 

2*9 

35 


272 

317 
3<» 
3-80 
3*60 


2*43 
ri7 

1*26 

1-94 


3*62 
416 

37S 
3'5o 


1  PkwMNuljr  lodkcd  tot  i^  Imnvs 

1          in  water  at  ordinnr^' 
temperatures  ta" — 15  C 

PuiJ8Ute|V  of 

.leedit 
germinated 

of  gt.-rinm.ition ; 

I  96 

t  90 

II  80 

I  "7 

»'43 
2*18 

\  44 

'1  23 

;l  ° 

3t> 

2-  84 

3-  87 
425 

— 

11  0 

II  0 

— 

41 
30 
0 

1*21 
I -22 
196 

23 

0 

5-09 

0 

It  will  be  seen  that  the  effect  of  the  wann  water  was  most 

marked  in  the  case  of  those  seeds  which  had  been  previously 
soaked  in  water. 

Fiedler  made  the  following  important  observations  upon 
the  relation  between  the  presence  of  a  considerable  quantity 
of  water  in  seeds  and  the  temperatures  which  prove  fatal  to 
them. 

He  made  comparative  experiments  on  seeds  which  were  dry,  and  on 
stmikr  seeds  which  had  been  previously  soaked  for  24  hours  in  water : 
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they  were  exposed  to  a  dfy  beat  for  an  hour.  They  were  afterwards 
sown  in  earth.  In  the  table,  A  indicates  that  the  seedlings  appeared 
■  above  the  surface  of  the  soil ;  B  that,  though  the  seeds  germinated,  the 
seedlings  did  not  reach  the  surface :  the  blank  spaces  indicate  that  no 
gemination  took  place:  a  dash  indicates  that  no  determination  was 
made.  The  numbers  are  percentages. 


t.    Dry  seeds  : 


Not  heated 

74" 

c 

A 

B 

A 

B 

A 

B 

A 

B 

A 

B 

Pea 

88 

10 

7S 

20 

85 

10 

I 

Rye 

96 

2 

40 

36 

Barley 

96 

90 

2 

6 

Wheat 

\oo 

98 

I 

I 

Maize 

100 

86 

8 

25 

28 

2.   Soaked  seeds : 


Notbeaud 

5.»- 

A 

B 

A 

B 

A 

B 

J? 

A 

B 

Pea 

96 

75 

10 

30 

4 

20 

Rye 

96 

30 

20 

iS 

Barley 

90 

3 

4 

Wheat 

II 

40 

12 

6 

Mai^s 

2 

I 

It  has  been  occasionally  observed  that  seeds  survive  pro- 
loiif^Ld  boiling  in  water,  for  example,  that  the  seeds  in  the 

stones  of  plums  which  have  been  made  into  jam  may  germi- 
nate. Tliis  is  due  to  the  fact  that  the  seeds  arc  protected 
from  the  action  of  the  hot  water  by  the  thick  cndocarp. 

The  observations  which  have  been  made  as  to  the  effect  of 
high  temperatures  upon  spores  fully  accord  with  those  stated 
above  with  reference  to  seeds.  Pasteur  has  shewn  that  dry 
spores  of  Penicillum  glaucum  can  endure,  without  injury, 
a  temperature  of  108*  C,  and  that  the  majority  germinate 
after  being  exposed  to  a  temperature  of  119* — I2I°C.  for  half- 
an-houn    They  arc  all  killed  by  half-an-hour  s  exposure  to  a 
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temperature  of  12J^ — 132'^C.  Hoffman  found  that  thcdry  spores 
of  Uredo  destruens  and  scf^etum  {Usiiia(^o  Cdrbo)  can  survive 
being  heated  for  an  hour  to  128®  C,  whereas  if  they  are  moist 
they  are  killed  in  the  cfase  of  Uredo  destruens  at  70' — 73*  C, 
and  in  the  case  of  Undo  segetum  at  58*5^ — 62**C  by  an  ex- 
posure of  two  hours. 

Schindler  made  the  following  determinations  with  spores 
of  TiUciui  Caries: 

1.  Dry  heat  (3  hours) 

Heated*  ^Uoheated. 

at  50*^  C.      germination  began  in     4  4  days. 

»»    65  »»  M  ^  »t 

>»  So  „  „  8  „ 

n  95  »  >»  '  » 

„  100  „        no  germination. 

2.  Moist  heat  (2  hours; 

at  36°  C.      germination  began  m      4  4  days. 

>»  35  »»  w  4 


40  >»  M  5  " 


45  n  5 

50  nu  gcrniinalion. 


Cohn  has  found  that  the  spores  of  Bacillus  snbtilis  survive 
prolonged  boiling.  This  is  due,  as  in  the  case  of  seeds  men- 
tioned above,  to  the  fact  that  water  penetrates  them  with 
difficulty. 

We  have  to  enquire,  finally,  into  the  cause  of  death  conse- 
quent on  exposure  to  hiffh  temperatures.  It  might  be  imagined 

that,  since  a  rise  of  lunipci  ciUire  promotes  the  activity  of  the 
metabolic  processes,  a  hi^h  temperature  would  make  them 
excessively  active  and  that  the  cell  would  die  in  consequence 
of  living,  as  it  were,  too  fast  But  such  an  explanation  is 
inadmissible,  for,  as  we  have  seen,  a  rise  of  temperature  above 
the  optimum-point  has  a  depressing  effect  upon  the  activity 
of  the  metabolic  processes.  Many  [physiologists  are  inclined 
to  believe  that  the  fatal  effect  of  a  hiL;h  temperature  is  due  to 
the  coagulation  of  the  coagulable  proteids  in  the  cell,  but  this 
connexion  cannot  be  regarded  as  established.  It  is  doubtless 
upon  the  living  protoplasm  of  the  cell  that  the  temperature 
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acts :  the  effect  first  manifests  itself  by  a  diminution  of  the 

iiiLlaboIic  activity  of  the  protoplasm,  and  uUiinately  effects  its 
disorganisation. 

Plants  or  parts  of  plants  which  iiave  been  killed  by 
exposure  to  high  temperatures  present  the  same  appearances 
as  those  which  have  been  killed  by  exposure  to  low  tempera- 
tures. They  are  flaccid  because  their  cells  are  incapable  of 
becoming  turgid.  This  is  due  to  the  fact  that  the  protoplasm 
has  become  pcniiciblc  as  a  result  of  death,  and  this  may  or 
may  not  be  accompanied  by  its  separation  from  the  ceii- 
wails  so  as  to  form  amorphous  masses. 

The  foregoing  facts  suffice  to  shew  that,  as  in  the  case  of 
low  temperatures  so  also  in  the  case  of  high  temperatures,  the 
power  of  endurance  is  different  in  different  kinds  of  plants,  and, 
we  may  add,  in  individuals  of  the  same  species.  The  figures 
given  above  must  therefore  be  rcL^arded  as  true  only  with 
regard  to  the  individual  plants  or  organs  experimented  upon. 
A  variety  of  conditions  may  affect  the  power  which  a  plant  or 
an  organ  possesses  of  enduring  exposure  to  extreme  tempera* 
tures,  and  it  is  on  account  of  the  influence  of  these  conditions 
that  the  results  of  different  observers  in  any  one  case  are  not 
always  quite  in  accord.  For  instance,  la  experiments  made 
with  seeds,  the  seeds,  though  they  may  be  stated  to  be  dry, 
are  not  necessarily  equally  dry  in  all  cases ;  hence  the  results 
of  different  observers  as  to  the  extremes  of  temperature  which 
any  particular  kind  of  seed  can  endure  will  vary  according  to 
the  relative  dryness  of  the  seeds.  Age,  too,  doubtless  exerts 
an  important  influence  in  experiments  of  this  kind ;  the 
younger  the  plant,  the  more  it  suffers.  The  conditions  under 
which  the  plant  had  been  previously  living  must  also  be  taken 
into  consideration.  G.  Haberlandt  concludes  from  his  ex- 
periments that  the  lower  the  temperature  at  which  a  seed  can 
germinate,  the  more  capable  is  the  seedling  of  enduring 
exposure  to  low  temperatures.  Still  It  is  possible  to  base 
some  generalisations  upon  the  ascertained  facts.  Attention 
has  already  been  drawn  to  the  most  important  of  these, 
namely,  that  the  more  water  an  organ  contains  the  more  does 
it  suffer  in  consequence  of  exposure  to  extremes  of  tempera- 
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ture.  It  appears,  further,  at  least  as  far  ^^'^^M  temperatures 
are  concerned*  that  some  organs  which  are  saturated  with 
water  are  more  tolerant  than  others.  Soaked  seeds,  for  in- 
stance, can  endure  exposure  to  higher  temperatures  than  can 
stems,  leaves,  or  roots. 


;  see  Bibliography  of  Lecture  i x. 
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M  ETABOLISM  {^continued ). 

9.    The  Expenditure  of  Energy, 

In  entering  upon  the  subject  of  the  expenditure  of  eneiigy 

by  the  plant  we  must  bear  in  mind  that  it  is  with  kinetic 
energy  that  we  are  directly  concerned,  and  we  must  therefore 
begin  by  ascertaining  what  are  the  sources  from  which  kinetic 
cncr!::^y  is  obtained.  We  have  already  learned  that  the  income 
of  all  plants  includes  a  certain  amount  of  kinetic  energy  in 
the  form  of  heat,  and  that,  in  the  case  of  plants  possessing 
chlorophyll,  it  includes  a  large  amount  of  kinetic  energy  in 
the  form  of  light.  But  in  adJilioa  to  the  kinetic  enerj^y 
absorbed  from  without,  there  is  a  constant  evolution  of  kinetic 
energy  going  on  in  every  actively  living  plant  in  connexion 
with  the  decomposition  of  more  or  less  complex  organic  sub^ 
stances  which  have  either  been  formed  in  the  plant,  or,  as  in 
the  case  more  particularly  of  plants  destitute  of  chlorophyll, 
have  been  absorbed  as  food,  in  connexion,  that  is,  with  de- 
structive metabolism.  It  was  pointed  out  in  a  pre\ious 
lecture  (Lecture  T.  p.  5)  that  as  the  constructive  metabolism 
of  plants  involves  the  conversion  of  kinetic  into  potential 
enei^,  so  their  destructive  metabolism  involves  the  conver- 
sion of  potential  into  kinetic  energy.  For  the  processes  of 
destructive  metabolism  consist  in  the  decomposition  of  rela- 
tively complex  and  unstable  compounds  into  others  which  are 
relatively  simple  and  stable,  and,  to  quote  the  words  of  Her- 
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mann,  "In  every  chemical  process  in  which  stronger  affinities 
are  saturated  than  were  saturated  before  its  occurrence,  po- 
tential energ>^  becomes  kinetic."   The  simpler  and  the  more 

stable  the  wastc-prociucts  of  any  destructive  process,  the 
greater  is  the  amount  of  energy  evolved.  For  instance,  in  the 
self-decomposition  of  protoplasm  (p.  i88)»  if  the  decomposi- 
tion were  as  complete  as  it  would  be  on  combustion,  and 
the  only  waste-products  Were  carbon  dioxide,  water,  and  some 
comparatively  simple  nitrogenous  substance  or  even  nitrogen 
itself,  a  relatively  lai^e  amount  of  energy  would  be  evolved  ; 
whereas,  as  a  matter  of  fact,  though  carbon  dioxide  and  water 
are  formed,  yet  various  more  or  less  complex  substances  are 
formed  as  well,  so  that  only  a  relatively  small  amount  of 
energy  is  set  free. 

We  have  now  especially  to  consider  what  becomes  of 
kinetic  energy  in  the  plant  The  matter  may  be  briefly 
stated  thus :  a  portion  of  the  kinetic  energy  is  stored  up  by 
the  plant  in  the  form  of  potential  energy:  the  reminiicier  is 
lost  to  the  plant ;  it  is  either  spent  in  the  performance  of 
mechanical  work  in  connexion  with  growth  or  movement, 
or  it  is  given  off  most  generally  in  the  form  of  heat,  occasion- 
ally In  the  form  of  light,  and  possibly  in  the  form  of  elec- 
tricity. We  shall  speak  of  the  storing  up  of  energy  in  the 
plant  as  the  accumulation  of  energy;  and  of  the  loss  of  energy 
as  the  dissipation  of  emrgy. 

I.  The  Acaimulation  of  Energy,  We  know  already  that 
the  accumulation  of  energy  is  the  necessary  accompaniment 
of  constructive  metabolism,  that  the  formation  of  more  and 
more  complex  organic  substances  involves  the  conver^on  of 
kinetic  into  potential  energy.  We  know  also  that  construc- 
tive metabolism  is  being  constantly  carried  on  in  the  plant. 
We  learned  in  a  previous  lecture  (p.  202)  that  so  long  as 
a  plant  is  living  its  protoplasm  is  undergoing  active  decom- 
position. Hence,  if  the  life  of  the  plant  is  to  be  maintained, 
the  repair,  or  as  we  may  term  it  the  Nutritiati^  of  its  proto- 
plasm must  be  carried  on  at  least  as  actively  as  its  decompo- 
sition. This  continual  construction  of  protoplasm  involves 
a  continual  conversion  of  kinetic  into  potential  energy:  hence 
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any  increase  of  the  protoplasm  of  a  plant  means  an  accumu- 
lation of  energy  in  the  potential  form. 

But  it  is  not  so  much  to  an  increase  of  its  protoplasm  that 
the  gain  in  organic  substance  by  a  plant  is  due.  It  is  princi- 
pally due  to'the  accumulation  of  substances  which  are  directly 
or  indirectly  the  products  of  the  decomposition  of  protoplasm, 
such  as  cellulose,  starch,  fats,  protcids,  etc.  These  represent 
a  certain  proportion  of  the  encry^y  which  became  potential  in 
the  construction  of  the  protoplasm  from  which  they  were  de- 
rived, and  it  is  in  these  substances  chiefly  that  the  potential 
energy  accumulated  by  the  plant  is  stored  up. 

The  proportion  of  the  kinetic  energy  which  is  stored  up 
in  the  form  of  potential  cnerg^y  in  connexion  with  the  produc- 
tion of  ori,^anic  substance  in  the  plant  is  lar^e,  if  we  compare 
plants  with  animals.  If  we  consider  the  enormous  amount  of 
organic  and  organised  substance  formed  by  a  plant  from  the 
time  of  its  development  from  a  seed  to  its  death,  in  the 
development  of  an  oak  from  an  acorn,  for  example,  and  we 
bear  in  mind  the  amount  of  potential  ener^  which  all.  this 
organic  and  orgaai.^ed  substance  represents,  we  can  form 
some  idea  of  the  amount  of  kinetic  energy  which  has  been 
stored  up  in  the  potential  form.  The  heat  which  is  given  out 
by  burning  wood  or  coal  is  but  the  conversion  into  kinetic 
energy  of  the  potential  energy  which  was  stored  up  by  the 
plant  which  produced  the  wood  or  the  coal.  The  reason  of 
the  difference  between  plants  and  animals  in  this  respect  is 
that  whereas  the  increase  in  bulk  of  an  animal  is  limited, 
that  the  animal  soon  ceases  to  increase  the  dry  weight  of  its 
organised  substance,  the  increase  in  bulk  of  a  plant  goes  on 
during  its  whole  life.  The  plant  therefore  produces  a  very 
large  dry  weight  of  organised  substance,  and  this  represents 
a  large  amount  of  energy. 

II.  The  Di^^ipatiou  of  Energy,  We  turn  now  to  the  loss 
of  energy  by  the  plant.  In  dealing  with  tliis  .-subject  we  have 
first  of  ail  to  shew  that  the  expenditure  of  energy  in  con- 
nexion with  growth  and  movement  and  with  the  evolution  of 
heat,  light,  and  electricity,  is  dependent  upon  destructive  me* 
tabolism.   That  this  is  the  case  will  be  fully  proved  in  our 
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detailed  consideration  of  these  various  phenomena;  it  will 
suffice  for  the  present  to  state  generally  that  the  conditions 
which  are  essential  to  destructive  metaholism  are  also  essen* 
ttsl  to  the  esdiibition  of  these  phe  noRiena.   We  have  seen, 

for  example,  that  temperature  has  an  important  influence 
upon  the  processes  of  dc-^U  uctivc  metabulisin,  and  wc  shall 
find  that  it  has  a  marked  eiifect  upon  growth  and  movement. 
Again,  the  absorption  of  free  oxygen  is  of  importance  in 
destructive  metabolism*  and  we  shall  find  that  the  evolution 
of  heat  and  light  by  plants,  their  growth,  and  their  move- 
ment.-^, arc  likcw  i-c  dependent  upon  tl^L-  absorption  of  free 
oxy<,ren,  excepting,  of  course,  in  those  i)1ants  which,  as  we 
have  seen  (p.  211),  are  capable  of  living  in  the  absence  of 
oxygen.  We  will  now  consider  these  (^nomena  individually 
and  in  detail,  and  we  will  b^;in  with  growth. 

Grewtk,  Before  we  can  enter  upon  a  detailed  considera- 
tion of  the  relation  of  growth  to  destructive  metabolism  we 
must  understand  what  we  mean  by  "growth."  By  growth  we 
mean  permanent  change  of  form  accompanied  usually  by 
increase  in  bulk.  We  must  clearly  distinguish  between  growth 
and  constructive  metabolism.  Growth  can»  it  is  true,  only  go 
on  when  the  necessary  material  is  supplied  by  the  processes 
of  constructive  metabolism,  but  a  mere  increase  in  the  dry 
weight  of  the  organic  .suhstnnce  of  a  plant  does  not  necessa- 
rily imply  that  it  is  growing,  for  increase  in  weight  may  take 
place  without  increase  in  bulk  or  change  of  form.  When,  for 
instancy  in  the  development  of  the  seed,  the  cells  of  the 
endosperm,  or  of  the  perisperm,  or  of  the  cotyledons,  become 
filled  with  reserve-materials  in  the  form  of  aleurone-grains, 
starch-grains,  etc.,  we  have  a  great  increase  in  the  dry  weight 
of  the  organic  substance  without  a  corresponding  growth  of 
the  organ.  Nor  does  an  increase  even  of  the  organised  struc- 
tures of  an  oigan,  that  is,  of  the  protoplasm  and  the  cell-wall, 
necessarily  imply  that  it  is  growing.  Thus,  an  increase  of 
the  cell- wall  may  take  place  without  any  perceptible  enlarge- 
ment of  the  cell,  as,  for  instance,  when  a  cell-wall  thickens : 
in  fact  it  appears  from  the  researches  of  Strasburgcr  that  the 
ceil-wall  does  not  become  thickened  so  long  as  the  cell  is 
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growing.  The  consideration  of  the  mechanics  of  growth  may 
be  conveniently  deferred  for  the  present :  that  subject  will  be 
treated  of  in  a  subsequent  lecture. 

It  is  easy  to  prove  that  growth  involves  an  expenditure 
of  energy,  inasmuch  as  it  will  only  go  on  when  destructive 
metabolism  is  active,  that  is,  when  the  evolution  of  energy  is 
considerable.  It  is  a  well-known  fact  that  the  higher  plants 
do  not  grow  in  the  absence  of  free  oxygen.  Malpighi  found 
that  seeds  would  not  germinate  in  water  which  was  covered 
with  a  layer  of  oil,  under  conditions^  that  is,  in  which  they 
could  obtain  no  oxygen:  S^6bier  and  de  Saussure  ascer- 
tained that  branches  will  not  grow  in  vacuo,  nor  in  an  atmo- 
sphere which  does  not  contain  oxygen  :  more  recently  Dctmer 
has  shewn  that  the  growth  of  seedlings  is  arrested  when  they 
are  deprived  of  oxygen,  and  his  results  have  been  confirmed 
by  Wortmann.  We  know  that  oxygen  is  essential  to  the 
normal  destructive  metabolism  of  these  plants ;  the  obvious 
inference  is  tiiai  growth  does  not  go  on  in  the  absence  of 
oxygen  because  the  destructive  metabolism  is  too  feeble,  that 
is,  that  the  evolution  of  energy  is  inadequate.  In  the  case  of 
plants  which  can  live  without  oxygen,  growth  will  proceed 
provided  that  the  destructive  metabolism  is  sufficiently  ener- 
getic With  regard  to  Yeast  {Saeekarm^ees  amnsug)  it  has 
been  much  debated  whether  or  not  the  cells  can  grow  and 
multiply  in  the  absence  of  oxygen.  Considering  the  activity 
of  the  fermentation  which  it  can  excite,  it  would  seem  pro- 
bable a  priori  that  it  can.  This  assumption  is  on  the  whole 
confirmed  by  the  experimental  evidence  It  appears,  from 
the  researches  of  Pasteur,  of  Brefeld,  and  of  Nagcli,  that,  as  a 
matter  of  fact,  the  Yeast-cells  do  grow  in  the  absence  of 
oxygen,  provided  that  they  are  supplied  with  fermentable 
material  (sugar),  and  that  the  alcohol,  the  principal  waste- 
product  of  the  metabolism  of  the  cells,  is  not  allowed  to  accu- 
mulate.  Amongst  the  Schizomycetes  many  forms  are,  as  we 
have  seen  (p.  2ti),  anaerobiotic.  Clostridium  buiyriettmy  for 
(jxamplL,  the  plant  which  causes  but\*ric  fermentation,  not 
only  grows  and  multiplies  in  the  absence  of  oxygen,  but,  as 
Pasteur  and  Frazmowski  have  ascertained,  it  dies  when  free 
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I  oxygen  has  access  to  it  With  regard  to  the  higher  Fungi 
Brefeld  has  observed  that  though  Mucor  Mueedo  and  stolmifer^ 
Pmicillium  *eru5taceum  and  others,  can  live  in  the  absence  of 

ox\  L,^c?i,  Lhey  do  not  grou\  because  they  can  excite  only  corn- 
para  lively  feeble  alcoholic  fermentation.    Mucor  racemostiSy 

\  on  the  other  hand»  excites  active  alcoholic  fermentation,  and 
accordingly  it  can  grow  in  the  absence  of  oxygen. 

We  have  already  learned  (p.  203)  that  temperature  has  an 
important  influence  upon  metabolism,  and  we  shall  find,  in 
harmony  with  this,  that  it  materially  atlccts  ffmw  th.    In  dis- 

I  cussing,  in  the  previous  lecture,  the  general  relations  between 
temperature  and  the  metabolic  processes,  we  found  that  there 

I  are  three  cardinal  points  to  be  noted ;  the  mimmum  tempera* 
ture  at  which  the  process  first  b^ns,  the  optimum  at  which  it 
is  most  active,  the  maxi$mim  at  which  it  ceases.  These  points 
wc  liave  also  to  note  in  considering  the  relations  between 

I    temperature  and  growth. 

,  The  following  tables  illustrate  the  rehuinn  of  ^.^rowth  to  temperature. 
In  the  first  table  are  given  the  results  obtained  by  K<)pp<  n  nnd  He  Vries 
which  illustrate  the  relation  in  a  dciailed  m  wiiicr.  The  incasureaientt 
refer  to  increments  in  li^ngth  of  hypocotyls  in  periods  of  4^  hours. 


Tempcra- 

ivuppen 

de  Vries 

ZMifait 

9'i  mm. 

5'omm. 

3*8  mm. 

5*9  mm. 

r5mm. 

l8*D 

11-6 

8-3 

I'lnm 

2r6 

108 

24*9 

38^0 

ao*5 

23"5 

310 

26-6 

541 

29-6 

27-4 

SM 

71*9 

4M 

50- 1 

40-4 

26*5 

30*2 

385 

64*6 

44*6 

306 

69-5 

44*1 

33*5 

142 

23*0 

26*9 

339 

tx6 

S7 

30*2 

38*1 

36  s 

207 

371 

10*0 

9*3 
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In  the  iiecond,  which  was  cfMnjulcd  by  PfcfTer,  arc  t^ivcn  clcu  rmina- 
lions  of  the  cardinal  points  made  by  Sachs  (S),  dc  Candolle  (C),  Koppen 
(K)j  de  Vries  (V).  The  observations  were  made  on  seedlings :  the 
minima  and  maxima  were  detemiined  in  some  cases  by  the  non-germina- 
tion of  the  seed,  in  others  fdc  Vries)  by  the  actual  arrest  of  the  frrowih  of 
the  seedling^:  the  optiini  were  determined  by  the  growth  of  the  root 
(including  the  hypocotyi;  of  the  seedlings. 


Minimum 

Optimum 

Maximum 

Triticum  vu^are 

287*C 
297 

42*5*'  C. 

s 

K 

Hordtum  vuigan 

5*0 

287 

S 

21-0 
27*4 

280 

above  37*2 

C 
V 

Lcpidium  saUvum 

1-8 

■ 

219 

27-4 

2$X> 

bdow  37'3 

c 

V 

Y% 

2  I'D 

[27*4 

above  37*2 

c 

V 

Trifolium  repms 

57 

21—25 

below  28  0 

c 

PMS§dlut  tmdi^&rus 

9'5 

337 

46*2 

s 

Pisum  sativum 

67 

26*6 

K 

iMpinus  aiiut 

7-5 

28-0 

K 

337 

46*2 

S 

Zea  Mais 

30-2— 3r5 
21—38  1 

K 

(910 

35*0 

C 

Cucurbita  Prpo 
Scsamum  orietUak 

137 

337 

46*2 

S 

130 

25—28 

below  45 'o 

c 

U  may  be  stated  as  a  geaci.il  rule  that  the  minimum  tcm- 
.  perature  is  higher  for  plants  beloni^in^  to  warm  ch'mates  than 
for  those  which  belong  to  cold  climates,  but  this  does  not 
hold  good  with  regaid  to  the  maxionum. 

Since,  as  we  have  been  endeavouring  to  make  clear, 
growth  is  dependent  upon  the  activity  of  destructive  meta- 
bolism, it  mi^dit  be  expected  that  the  rcLilioii  of  j^rowth  to 
temperature  would  be  the  same  as  that  of  respiration,  for,  as 
has  been  pointed  out  in  a  previous  lecture  (p.  195),  the  respira- 
tory interchange  of  gases  affords  an  indication  of  the  activity 
of  normal  destructive  metabolism.  There  is,  it  is  true,  some 
sort  of  parallelism  between  the  relation  of  growth  to  tempera- 
ture and  that  of  respiration  to  temperature,  but  the  two  are 
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not  quite  identical.  In  the  first  place,  the  minimum  tempera- 
ture for  respiration  (including  botli  the  absorption  of  oxygen 
and  the  exhalation  of  carbon  dioxide)  is  lower  than  that  for 
growth.  It  is  true  that  growth  may  take  place  at  very  low 
temperatures,  but  this  does  not  affect  the  truth  of  the  general 
statement  just  made.  In  the  second  place  the  optimum  tem- 
perature fur  j^uowth  is  reached  much  earlier  tlum  that  for 
respiration  (Rischawi,  Mayer);  that  is,  that  in  the  case  of  any 
given  plant,  the  optimum  temperature  for  respiration  lies  very 
near  the  maximum  temperature  which  is  compatible  with  the 
maintenance  of  life,  whereas  the  optimum  temperature  for 
growth  lies  considerably  below  this  limit  If  these  facts  were 
expressed  graphically,  we  should  find  that  the  curve  of  growth 
begins  to  rise  rather  later  than  the  curve  of  respiration,  and 
that  the  former  begins  to  fall  whilst  the  latter  still  continues 
to  rise. 

In  endeavouring  to  account  for  the  difference  in  the'curves 
of  growth  and  of  respiration,  we  can  readily  explain  why 
tiiey  do  not  begin  to  rise  at  the  same  point,  in  other  words, 

why  ihc  minima  of  tcmpcralmc  arc  not  the  same  in  the  two 
cases.  Growth,  we  have  already  seen,  can  only  take  phace 
when  the  evolution  of  energy  in  the  plant  is  considerable ; 
at  the  minimum  temperature  for  respiration  the  destructive 
metabolism  is  feeble,  too  feeble  to  admit  of  growth ;  it  Is  there- 
fore only  at  a  higher  temperature,  a  temperature  at  which 
destructive  metabolism  is  more  active,  that  growth  begins. 
The  only  explanation  which  we  can  offer  of  the  fact  that  the 
curve  of  growth  falls  at  temperatures  at  which  the  curve  of 
respiration  continues  to  rise,  is  this,  that  the  process  of  growth 
itself  is  affected  prejudicially  by  high  temperatures.  At  these 
temperatures  the  evolution  of  energy  is  adequate,  but  the 
processes  upon  which  increase  in  bulk  directly  depends  are  in 
some  wMy  interfered  with. 

We  see,  then,  that  though  growth  is  dependent  upon  an 
evolution  of  energy,  that  is,  upon  destructive  metabolism,  it  is 
nevertheless  a  distinct  process  which  is  not  always  affected  by 
variations  in  external  conditions  in  the  same  way  as  destruc- 
tive metabolism ;  in  fact,  it  may  be  affected  by  conditions 
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which  do  not  affect  deatnictive  meU^bolism  at  all  We  have 
just  learned,  for  instance^  that  growth  is  restricted  to  nar- 
rower limits  of  temperature  than  is  destructive  metabolism. 

A^ain,  wc  saw,  in  the  last  lecture  (p.  261),  that  light  docs 
not  materially  affect  destructive  metal)olisni  as  estimated  by 
respiration :  but,  as  we  shall  learn  in  a  subsequent  lecture 
when  we  are  studying  the  mechanics  of  growtli,  light  has  a 
remarkable  effect  upon  growth. 

Movement.  Without  entering  for  the  present  into  the 
mechanics  of  the  niovements  txhibited  by  plants,  we  will 
consider  those  facts  relating  to  movement  which  prove  that 
it  is  dependent  upon  destructive  metabolism  and  that  it  in- 
volves a  loss  of  energy  to  the  plant  We  may,  however, 
briefly  enumerate  the  different  ways  in  which  movement 
manifests  itself.  The  lowest  expression  of  It  is  the  streaming 
movement  of  the  protoplasm  in  closctl  cells  ;  this  is  known 
as  the  "  rotation  "  or  the  "  circulation  "  of  the  proto[>lasm : 
then  there  is  the  contraction  of  contractile  vesicles;  ciliary 
movement ;  amoeboid  movement ;  and  finally  the  movement 
of  entire  organs  in  the  higher  plants. 

We  have  to  shew,  in  the  first  place,  that  movement  is 
dependent  upon  destructive  metabolism,  and  we  shall  do  this 
in  the  same  manner  as  in  the  case  of  growth :  wc  shall, 
namely,  adduce  evidence  to  prove  that  conditions  which  are 
unfavourable  to  destructive  metabolism  also  act  prejudidaliy 
upon  the  power  of  movement. 

In  regard  to  growth  we  found  that  the  presence  of  oxygen 
is  an  essential  cunciiliuu  in  the  case  of  truly  acrobiotic  plants; 
this  holds  good,  and  for  the  same  reasons,  with  regard  to 
movement  Dutrochet  observed  that  the  motile  leaves  of 
Mimosa  pudUa,  the  Sensitive  Plant,  lose  their  power  of  move* 
ment  in  vacuo:  Kabsch  confirmed  these  observations  and 
extended  them  to  the  motile  stamens  of  Berberis,  Mahonia, 
and  Hclianihciiiuai,  :iiid  foimd  further  that  their  niu\Lments 
are  arrested  in  an  atmosphere  of  nitrogen  or  of  hydrogen: 
Pfeifer,  too,  observed  that  the  stamens  of  CefUawea  yaaa 
lost  their  power  of  movement  after  being  kept  for  one  minute 
in  an  atmosphere  of  carbon  dioxide :  Kuhne  ascertained  that 
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the  amoeboid  movements  of  the  Plasmodium  of  Myxomycetes 

and  the  rotation  of  the  protoplasm  in  the  cells  of  the  staminal 
hairs  of  Tradescantia  cease  in  the  absence  of  oxygen  ;  and 
flnaUy,  it  was  mentioned  in  a  previous  lecture  (p,  255),  in 
describing  Engelmann's  experiments  on  the  action  of  light 
upon  the  exhalation  of  oxygen  by  cells  containing  chloro- 
phyll, that  it  is  only  when  supplied  with  oxygen  tiiat 
BaeUrUtm  Terma  is  motile. 

On  the  other  hand,  just  as  anaerobiotic  plants  arc  capable 
of  growth  in  the  absence  of  oxygen,  so  also  they  are  capable 
of  movement.  Grossmann  and  Mayerhausen  have  observed, 
for  instance,  that  certain  Schizom3mtes  are  motile  in  the 
absence  of  oxygen. 

Further,  movement,  like  growth,  is  aflTected  by  tempera- 
ture, and  ia  much  the  same  way  ;  its  curve  presents  the  same 
cardinal  points,  and  it  probably  bears  much  the  same  relation 
to  the  curve  of  respiration  as  that  of  growth  does.  Thus, 
with  regard  to  the  rotation  of  the  protoplasm,  Velten  found, 
in  the  case  of  Chora  foetida,  that  the  minimum  temperature 
was  o*C.,  the  optimum  temperature,  that  namely  at  which 
the  movement  was  most  rapid,  was  38*i®C.,  the  maximum 
temperature,  that  namely  at  which  the  movement  ceased,  was 
42  81"  C. ;  in  the  case  of  Vallisneria  spiralis  the  minimum  was 
O— l^C,  the  optimum  3875**  C,  the  maximum  45"  C:  in  the 
case  of  Elodea  camuiensis  the  cardinal  points  were  o^C, 
36-25*C.,and  sS-ys'C. 

In  the  cells  of  Ckara  fragilis  Dutrochet  detected  rotation 
at  o — i°C.,  and  Cohn  in  Nitella  symarpa  at  —  2®C.  Sachs 
observed,  in  the  cells  of  the  hairs  of  Cucurbita  Pepo^  Solanum 
Lycopersicum,  dind  of  Tradescantia,  slow  rotation  at  12 — i6**C., 
rapid  rotation  at  30— 40*^0.,  and  slow  rotation  again  at 
40 — 50*  C  Many  other  observations  might  be  quoted  (Jur- 
gensen,  Max  Schultze,  Ktihne),  but  it  is  not  necessary  to  do 
so,  for  they  agree  with  those  which  have  been  given  in  prov- 
ing that  a  rise  of  temperature  from  the  minimum  to  the 
optimum  accelerates  rotation,  and  that  a  further  rise  from  the 
optimum  to  the  maximum  retards  and  finally  arrests  it 
With  regard  to  amoeboid  movement,  Kiihne  found  that  the 
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movements  of  the  plasmodium  of  Didymmm  Serpuh  were 
arrested  when  the  temperature  was  raised  to  30*  C,  and  tiiat 
they  also  ceased  at  a  low  temperature.  With  regard  to 
ciliary  movement,  Strasburger  has  found  iliat  the  zoospores 
of  Hantatococcus  lacustris  tend  to  come  to  rest  at  from 
S— 4*C.,  but  he  has  observed  them  in  movement  even  in 
water  containing  tee ;  he  fixes  the  optimum  temperature  for 
these  zoospores  at  30 — 40"  C,  and  the  maximum  at  50*  C 
He  also  observed  that  the  zoospores  of  Jiutrydiuni  ceased  to 
move  when  the  temperature  sank  to  The  minima  and 

maxima  for  the  zoospores  of  marine  Aigs  are  lower  than 
those  for  fresh-water  Algae,  Kjellmann  observed  the  forma- 
tion of  zoospores  going  on  in  the  Algae  of  the  coast  of  Spits- 
bergen  when  the  temperature  of  the  sea  was  —  l'5*C  to 
—  r8°C. :  and  Strasburger  found  that  the  zoospores  of  the 
marine  Alga:  which  he  observed  were  killed  at  35" — 40^  C. 
Finally,  with  regard  to  the  movements  of  organs  in  the  higher 
plants,  Kabsch  observed  th  it  the  spontaneous  movements  of 
the  lateral  leaflets  of  the  Telegraph-plant  [Desmodium  {Hidjh 
sarum)  gyrans]  ceased  when  the  temperature  sank  to  22*  Ci 
that  they  went  on  slowly  at  28 — 30*  C.  (a  complete  up  and 
down  movement  in  4  minutes),  and  that  they  were  more  rapid  | 
at  35"  C.  (a  complete  movement  in  85 — 90  seconds):  in  the 
case  of  the  Sensitive  Plant  (Mimosa  pudUa)  Sachs  observed 
that  if  the  plant  be  kept  for  some  hours  at  a  temperature 
of  about  I5^C,  its  leaves  gradually  lose  their  motility;  the 
lower  the  temperature  below  this  degree  the  more  rapidly 
does  the  power  of  movement  disappear;  he  found  also  that 
the  power  of  movement  is  lost  within  an  hour  when  the  plant 
is  kept  in  damp  air  at  40^  C,  within  half  an  hour  in  air  at 
45®  C,  and  in  a  few  minutes  in  air  at  49 — 50^  C. 

Again,  movement,  like  growth,  is  affected  by  light  In 
some  cases  light  appears  to  promote  movement,  in  others  to 
arrest  it.  Thus  Engelmann  has  discovered  a  form  of  Bac- 
terium, ti mu  d  by  him  Bactct'ium  plwtouictricum^  which  is 
unl\  motile  when  exposed  to  light;  and  Sachs  has  found 
that  if  plants  with  motile  leaves  (Mimosa,  Acacia,  Trifolium, 
Phaseolus,  Oxalis)  are  kept  for  some  days  in  darkness,  or  even 
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in  feeble  light,  they  lose  their  power  of  movement.  On  the 
other  hand,  exposure  to  light  arrests  the  spontaneous  move- 
ments of  the  motile  leaves  in  the  majority  of  plants  which 
possess  them. 

A  remarkable  instance  of  the  influence  of  light  in  causing 

rnovement  is  afforded  by  the  change  in  position  of  the  chloro- 
phyll-corpuscles in  cells  exposed  to  light.    Maiquard,  and 
after  him  Sachs,  observed  that  green  leaves  exposed  to  sun- 
light soon  assume  a  brighter  green  colour  than  they  have 
when  an  the  shade :  this  can  be  made  veiy  evident  by  cover- 
ing a  portion  of  a  leaf  exposed  to  sunlight  with  some  opaque 
txxly,  a  strip  of  tinfoil  for  instance ;  on  the  removal  of  the 
tinfoil  after  a  few  minutes  the  parts  which  were  covered  are 
seen  to  have  a  deeper  colour  than  those  which  were  exposed. 
The  difference  of  colour  is  due  to  the  different  distribution  of 
the  chlorophyll-corpuscles  in  the  cells  in  the  two  cases.  It 
appears,  from  the  researches  of  Famintzin,  Borodin,  Frank, 
Stahl,  and  others,  that  in  diffuse  daylight  the  chlorophyll- 
corpuscles  collect  on  the  free  cell-walls,  that  is,  on  the  walls 
next  the  surface  in  the  superficial  cells  of  organs  consisting 
of  several  layers  of  cells,  and  on  the  upper  and  lower  walls  of 
organs  consisting  of  only  one  layer  of  cells  :  whereas  in  direct 
sunlight  they  collect  upon  the  lateral  walls,  and  in  darkness 
upon  the  lateral  and  lower  walls.   In  the  former  case,  which 
Frank  terms  Efnstrophe,  the  corpuscles  lie  parallel  to  the 
surface  of  the  organ  ;  in  the  latter,  which  is  tQrvnud  Apostropht:, 
they  lie  at  n^ht  angles  to  tlir  surface  (Fig.  36):  hence  the 
green  colour  of  an  organ,  a  leaf  for  instance,  is  of  a  darker 
hue  in  epistrophe  than  in  apostrophe.    Since  the  chloro- 
phyll-corpuscles are  themselves  incapable  of  movement, 
their  change  of  position  under  the  influence  of  light  must  be 
attributed  to  movements  of  the  protoplasm  in  which  they 
arc  imbedded.    !■  rank  has  in  fact  observed  that  the  collection 
of  the  chlorophyll-corpuscles  on  any  of  the  cell-walls  is  ac- 
companied by  an  accumulation  of  protoplasm.    Under  un- 
favourable conditions,  for  instance  when  the  temperature  is 
low,  or  when  the  cells  are  old,  the  chlorophyll-corpuscles 
remain  in  the  position  of  apostrophe. 
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Fto,  36  (after  Stahl).  Sections  of  the  pbylloid  atem  oTZmmm  UnMnt. 

A.   Position  of  the  chlorophyll-^orpiiiGlcs  whea  the  stem  ia  expoaed  to  hileoie 
liglit  (Ught»apottiopbe). 

A  PoahiOD  of  the  oorpnadea  in  diflhaed  daylight  (epiatiophe). 

C.  Mt&im  of  the  cocpuadea  in  darkneM  (datk-apoatfopbe). 

We  come,  then,  to  the  same  conclusions  in  the  case  of 
movement  as  ia  the  case  of  growth.  Movement  is  dependent 
upon  an  evolution  of  energy,  that  is,  upon  destructive  meta- 
bolism, but  it  is  nevertheless  a  distinct  process  capable  of 
being  affected  by  conditions  which  do  not  affect  destructive 
metabolism. 

We  will  now  go  on  to  study  the  nature  and  causes  of 
the  movements  rather  more  closely.    Most  of  the  move* 
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ments  eidiiblted  by  plants  are  discontifiuous :  the  only  con- 

tiiiuuus  movement  is,  apparently,  tlic  sUcj.inia^  movement 
of  the  protoplasm.  Agam,  most  of  the  movements  are  spon- 
taneous, but  some  of  them,  as  in  the  case  of  the  leaves  of 
the  Sensitive  Flan^  of  the  stamens  of  Berberis»  of  Hdian- 
themum,  of  the  Cynajreae,  &&,  are  induced  by  some  external 
cause.  Continuous  movement  is  the  expression  of  a  cor- 
responding continuous  evolution  of  energy ;  discoiUinuuus 
movement  implies  that  it  is  only  at  certain  intervals  that 
the  necessary  evolution  of  energy  takes  place.  We  have 
already  learned  (page  7)  that  the  living  protoidaain  of  cer- 
tain cells  is  automatic*  that  is,  that  it  gives  rise  to  internal 
stimuli  which  find  their  outward  expression  in  spontaneous 
movement :  we  ma)'  now  go  further  and  say  that  these  in- 
ternal stimuli  determine  the  evolution  of  energy  which  makes 
movement  possible.  We  have  also  learned  that  protoplasm 
is  initable ;  we  can  now  interpret  this  by  spying  that,  in  the 
case  of  organs  exhibiting  induced  movements,  the  necessary 
evolution  of  energy  is  determined  by  a  stimulus  acting  from 
without. 

Now  with  regard  to  the  nature  of  the  stimuli.  Con- 
cerning the  internal  stimuli  we  know  nothing.  Stimulation 
from  without  can  be  effected  in  a  variety  of  ways.  The 
external  stimulus  may  be  medunical,  simply  the  contact 

of  a  foreign  body,  or  electrical,  or  chemical ;  a  sudden  change 
from  light  to  darkness,  or  a  variation  in  the  intensity  of 
the  illumination,  will  sometimes  act  as  a  stimulus.  Then 
there  is  the  further  question,  how  the  stimulus  acts  upon 
tiie  protoplasm.  To  this  we  can  give  no  definite  answer, 
but  since^  as  we  have  seen,  movement  can  only  take  place 
when  destructive  metabolism  is  active,  It  is  very  probable 
tliat  the  immediate  effect  of  stimulation  is  to  cause  de- 
structive metabolism.  We  may  accept  Pfluger's  dictum, 
** stimulation  is  decomposition";  that  is  to  say  that  when 
a  stimuluSi  either  internal  or  external,  acts  upon  irritable 
protoplasm,  it  determines  the  sudden,  we  may  almost 
say  explosive,  decomposition  of  some  complex  organic 
substance.    This  view  enables  us  to  give  a  satisfactory 
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explanation  of  the  phenomena  of  Fatigue.    It  has  been 
found,  namely,  that  if  a  moiilc  or^an,  that  of  the  leaf 
of  the  Sensitive  Plant  for  example,  be  repeatedly  stimu- 
lated  at  short  intervals,  it  will  soon  cease  to  respond  to 
the  stimuli,  it  will  lose  its  irritability;  after  a  short  period 
of  rest  it  again  becomes  irritable.    The  loss  of  Irritability 
we  may  ascribe  to  the  consumption,  in  consequence  of  the 
repeated  stimulation,  of  the  material  by  the  decomposition 
of  which  the  nccessar}^  energy  (or  the  performance  of  a 
movement  is  evolved ;   possibly  the  accumulation  of  the 
waste-products  of  decomposition  may  contribute  to  this  result 
The  regaining  of  irritability  we  may  ascribe  to  the  accumu- 
lation of  a  fresh  store  of  decomposable  material  and  perhaps, 
in  some  degree,  to  the  removal  of  the  waste-products  of 
previous  decompositions.     Finally,  we  have  to  answer  the 
question,  what  is  this  decomposable  material  ?    We  have 
seen  throughout  our  consideration  of  this  subject  that  move^ 
ment  is  dependent  upon  the  same  general  conditions  as 
destructive  metabolism.   Of  the  processes  of  destructive  me- 
tabolism the  most  conspicuous  is  the  self-decomposition  of 
the  protoplasm.     We  have  no  reason  to  suppose  that  the 
metabolism  of  a  motile  cell  differs  in  kind  from  that  of  a 
non-motile  cell.    If,  then,  the  evolution  of  energy  in  a  non- 
motile  cell  is  mainly  due  to  the  self-decomposition  of  the 
protoplasm,  we  may  infer  that  this  is  also  the  case  in  a 
motile  cell. 

Heat   An  evolution  of  energy  in  the  form  of  heat  is  the 

inseparable  accon^panimciU  of  the  processes  of  destructive 
metabolism  :  in  fact,  an  organism  can  only  be  considered 
to  be  living  so  long  as  it  is  setting  free  energy  in  the  form 
of  heat  Pfliiger  goes  so  far  as  to  say  that  the  intra- 
molecular heat  of  an  organism  is  its  life,"  that  is,  that  it 
is  only  in  consequence  of  the  continued  evolution  of  heat 
in  the  protoplasm-molecule  that  the  intramolecular  vibra- 
tory movement  is  maintained  (p.  i6o).  The  living  proto- 
plasm-molecule is  ever  undergoing  active  self-decompusitjon 
and  evolving  heat,  the  dead  protoplasm-molecule  has  ceased, 
probably  in  consequence  of  some  chaise  of  molecular 
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Structure,  to  undergo  this  active  self-decomposition  and  to 
evolve  heat. 

A  few  instances  will  suffice  to  prove  that  the  evolution 
of  heat  in  the  plant  is  dependent  upon  destructive  meta- 
bolism.  When  we  were  discussing^  destructive  metahoHsm 

we  found  that  it  is  very  active  in  germinating  seeds  and 
in  opening  flowers,  and  it  is  just  these  that  afford  the  best 
examples  of  an  evolution  of  heat  by  plants.  The  evolution 
of  heat  by  germinating  seeds  is  a  familiar  fact  in  the  process 
of  the  malting  of  Barley,  and  from  the  extended  observations 
of  Goppert  we  may  conclude  that  it  accompanies  germina- 
tion in  all  cases. 


Fia  37  (from  Prantl,  aAer  Sachs).    The  moist  seed*  are  placed  in  die  funnel  r, 

which  is  placed  in  the  neck  of  the  bottle  /  containing  some  solndon  of  catndc 
potash  /  to  absorb  the  carbon  dioxide  evolved.  The  whole  is  covered  by  the 
l>ell-jar  .f,  through  the  neck  of  which  passes  the  thermometer  /:  the  bulb  of 
the  thermometer  is  covered  by  the  seeds  in  the  funnol.  The  colton-wool  W 
which  holds  the  thermometer  iu  the  neck  of  the  bell-jar  admits  air. 
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By  means  of  an  apparatus  similar  to  the  above  figure,  Goppert  deter- 
mined the  excess  of  the  temperature  among  the  seeds  over  that  of  the 
surroundmg  air  in  the  following  cases  : 


Wheat  and  Oats 
Peas  and  Hemp 


Clover 

Sfiergula  artfenm 
Breuska  Napm 


I  fas-—!  2*50^  c« 

rso—  87s 

6*25 —  7'So 
17-50 
11*35 
21*15 

7'SO 


The  evolution  of  heat  in  connexion  with  flowering  appears 
to  have  been  first  observed  by  Lamarck  in  the  case  of  the 
spadix  of  Arum  italicum,  and  it  is  with  compact  inflores- 
cences of  this  kind  thai  most  uf  tiic  subsequent  observations 
have  been  made.  Senebier  was  the  first  to  determine  by 
means  of  the  thermometer  the  difference  between  the  tem- 
perature of  the  spadix  and  that  of  the  air; 

The  following  is  a  series  of  determinations  made  with  Arum  macu' 
latum : 


Hum 


IS6OC. 

147 

15*0 

15*0 

14-  9 

14*3 

15-  0 

14*0 
14*1 


Temperature 


1610C. 

17-9 

19*8 

21 'O 
21*8 
21*2 
18*5 

157 
141 


o-5»C. 
3*2 
4-8 
6-0 

3-5 

17 

O'O 


A  striking  illustration  of  the  dependence  of  the  evolution 
of  heat  upon  destructive  metabolism  is  afforded  by  the  fact 
that  the  evolution  of  heat  and  the  absorption  of  oxygen  are 
intimately  connected.     Hubert  observed  that  when  the 

spadix  of  Colocasia  odora  was  shk  ircd  with  oil  or  with 
honey,  that  is,  when  the  free  access  air  was  prevented, 
its  temperature  sank  ;  Vrolik  and  de  Vriese  could  detect  no 
rise  of  temperature  in  the  spadix  of  Colocasia  odora  in  an 
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atmosphere  of  nitrogen,  and  tbey  further  observed  that 
when  a  spadix  was  kept  in  a  closed  receiver  containing 
air,  a  high  temperature  was  only  maintained  so  long  as 

h  cc  oxygen  was  present  :  Eriksson  found  that  the  tem- 
perature of  seedh'nj^s,  of  flowers,  and  of  fruits  in  an  atmo- 
sphere of  hydrogen  was  only  o  i*' — 0'3**C  higher  than  that 
of  dead  objects,  whereas  in  air  ^heir  temperature  was  very 
much  higher. 


Excess  of  temperature 
4n  hydrogeo 

Excess  of  temperature 
in  air 

Seedlings  of  Rapkanus  sativus 
Spadix     Arum  maculatum 
Flowers  of  Isatis  tinctoria 
Cherries 

o'3 

O'l 
0'2 

57' C. 
i6'S 
2-8 

De  Saussure  observed  in  the  case  of  Arum  maculatum 

there  was  some  relation  between  the  evolution  of  heat  and 
the  absorption  of  oxygen,  but  it  was  left  for  Garreau  to 
investigate  this  point  with  accuracy.  He  found,  in  a  number 
of  experiments,  of  which  an  instance  is  given  below,  that, 
in  the  case  of  the  spadix  of  Arum  italicum^  the  greater  the 
absorption  of  oxygen  the  higher  the  temperature. 


ft 

The  mean  temperature  of  the  air  was  iS**  C. 


Time 

EzCOMOf 

tcmpeymture  of  tpadix 

Umo  teqiperature 
of  qMaix 

Oxygen  abiocbed 

u 

i 

i 

3^ 

i? 

67 

8-9  . 

89 

77 

77 

4*i 
4-2 

1*2 

1       32°  c. 

}  •  " 

1  7-8 
8-3 

1  27 

« 

39 
57 

75 
100 

50 
20 

V.    .  20 
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The  above  determinations  were  made  by  means  of  the  apparatus 
flbewn  in  Fig.  38.  i4  is  a  graduated  glass  bell-jar  standing  in  a  saucer 
which  contains  water :  27  is-  a  thermometer,  fastened  by  a  coric  in  die 
neck  c£A,  with  its  bulb  in  contact  with  the  spadix  which  is  supported  in 
a  test-tube  C  filled  with  moist  sand «  the  bulb  of  the  thermometer  and  the 
spadix  are  covered  by  a  piece  of  muslin.  The  internal  surface  of  the 
bdl-jar  is  smeared  with  concentrated  solution  of  potash:  hence  the  CO, 
evolved  by  the  spadix  is  absorbed,  and  the  absorption  of  oxygen  can  be 
estiniated  by  the  rise  of  the  water  from  the  saucer  into  the  graduated 


But  the  evolution  of  heat  is  not  confined  to  those  pro- 
cesses of  destructive  metabolism  in  which  oxygen  is  con- 
cerned ;  it  accompanies  others  as  well.   We  have  an  instance 

above,  in  Eriksson's  experiments,  of  the  evolution  of  hcai 
in  the  absence  of  oxygen.  One  of  the  most  conspicuous 
examples  of  destructive  metabolism  in  the  absence  of  oxy- 
gen is,  as  we  have  seen  (p.  208),  the  alcoholic  fermentation 
effected  by  Yeast  The  fact  that  a  liquid  in  which  this 
fermentation  is  going  on  soon  acquires  a  temperature  con- 
siderably higher  than  that  of  the  surrounding  air  has  long 
been  known,  but  Eriksson  has  shewn  definitely  that  this 
rise  of  temperature  takes  place  also  in  the  absence  of 
oxygen,  that  it  is  due,  therefore,  to  the  fermentative  activity 
of  the  Yeast 

Two  bottles  were  taken,  and  the  one  filled  with  water,  th^  other  #ith 
a  fefmenttng  solution  of  sugar ;  the  temperature  of  the  liqaid  in  «ach 


bdl.jar. 


Fig.  38  (akcr  Garreau}. 
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bottle  was  observed  by  means  of  a  thermometer  introduced  through  tiic 
cork- 


TiiM 

Temperature  of 

'I'emperature  of 

B>iC811 

3P-m. 

4  » 

5  » 

6 

/  M 

23*S 

22"6 
22"6 
226 

23-4^  C 
25*1 

20'0 
26- 5 
26-3 

3*4 
39 
37 

Eriksson  also  ascertained  that  Yeast  evolves  heat  in 

the  absence  both  of  oxygen  and  of  alcoholic  ki  inLiUation. 
Pasteur  has  pointed  out  that  Yeast  can  live  upon  milk-sugar, 
though  it  cannot  cause  it  to  ferment,  and  Erikssoa  availed 
himself  of  this  fact  iot  the  purpose  of  his  experiments. 

The  apparatus  was  the  same  as  that  described  above  :  one  of  the 
bottles  (A)  was  filled  with  small  pellets  of  blotting-paper  containing  a 
mass  of  Yeast  moistened  with  solution  of  milk-sugar,  and  the  air  was 
removed  fi  om  the  bottle  by  passing  a  current  of  hydrogen  through  it  for 
half-an-hour ;  the  other  bottle  {!>)  wai  nlled  with  pellets  of  moistened 
blotting-paper. 


TenpMtttnpe  in  B 

XcflBponittM  in 

£jiCCM  oC  temperature 
in  A  VfnS 

9a.m* 

0*0 

10  „ 

184 

18*5 

O'l 

18*6 

187 

O'l 

12  noon 

187 

i8-8 

01 

1—3  p.m. 

i8'8 

19*0 

*  > 

It  is  of  interest  to  note  in  connexion  with  tlie  forgoing  experiment 
Aattiie  admisston  of  air  to  the  Yeast  in  the  bottle  A  was  immediately 
Uiwed  hy  a  considefable  rise  of  temperature. 


TfaM 

TsBipsfatan  fa  ^ 

B«oe»faw< 

« 

3- 1 5  P-m- 

4  » 

5  >^ 

.6  „ 

i8'8*C. 

18^  ■ 

188 

.»87 

• 

19*4 

19'6 

19*8 

05 
o'8 
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We  have  now  sufficiently  established  the  connexion 
between  the  evolution  of  heat  and  destructive  metabolism, 
but  we  may  briefly  consider  the  fact  which  is  apparent  in 
the  tables  given  above  that  the  evolution  of  heat  is  not 
constant  but  variable.  In  opening  flowers  there  is  a  period, 
varying  in  length  in  diflerent  cases,  of  active  destructive 
metabolism;  at  the  commencement  of  this  period  the  evolu- 
tion of  heat  is  small,  but  it  gradually  rises  to  a  maximum, 
and  sinks  a<,Min  to  a  minimum.  This  we  may  term  the 
grand  period"  of  the  evolution  of  heat. 

In  illuaLuiLion  of  this,  Klaus'  observations,  made  by  means  of  a 
thcrnK  iiicter  on  the  temperaiui  c  of  the  spadix  of  Arum  Haiicum,  may  be 
quoted.  It  may  be  mentioned  here  that  the  evolution  of  heat  is  greatest 
in  the  sterile  portion  of  the  spadix  (Dutrochet,  Kraus),  less  in  liie  portion 
bearing  the  stamina!  flowers,  and  least  in  that  bearing  the  pistillate 
flowers.  Only  the  excess  <tf  the  temperature  of  the  spadix  over  tliat  of 
the  atmosphere  is  given  in  the  table :  the  temperature  of  the  air  varied 
between  iS'fC.  and  i6*j^C 

Kraus, 

4. 1 5  p.m. —  o*^  C.  7.30  p,m. — 1 1  C 

4^25  „  —  1-3  8  »>  —"•9 

5  i»  —  2-2  8.15  „  —12-15  . 

5  y>  »  —  S'4  8.30  I,  —1200 
S-45  »•  —  TO  8.45  »  —"•8 

6  „  —  8-2  9.30  „  —11-3 
•    6.30      —  8*6                   ia20  „  — IO-6 

6.45  »  —  9^  "      i>  — «o-4 

7,2    „  —  97  I    a.m.—  8t> 

7.15  „  — lO'S  6.30  „  —  0-2 

When  the  period  of  active  destructive  metabolism  is 
prolonged  the  evolution  of  heat  exhibits  a  diurnal  variation. 

which  might  be  indicated  graphically  as  a  secondary  curve 
on  the  curve  of  the  grand  period.. 

The  following  are  some  observations  of  Dutrochel's  on  the  spadix 
Arum  maculatum^  made  by  means  of  a  thermopile  :  they  extend  over 
the  whole  grand  period,  and  illustrate  the  relation  of  the  daily  periods  to 
the  grand  period:  the  figures  give  the  (UfTerence  between  the  temperature 
in  the  spadix  and  that  of  the  air;  when  a  minus  sign- is  used,  it  means 
that  the  temperature  of  the  spadix  was  lower  than  that  of  the  air. 
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Day  ADd 

DifT.  of 

'     Day  and 

Difr  of 

Day  and 

Difr.  of 

hour 

temperature 

hour 

temperature 

hiour 

temperature 

AfitV  0 

May  10 

Afnv  1 1 

6  a.m. 

OOO^C. 

6  a.m. 

o*ooP  C. 

6. 1 5  a.in. 

oocfi  C. 

onoo 

7.30  V 

O'OO 

8  " 

0'3i 

8.10  „ 

9  „ 

0*I2 

9  It 

0-37 

1  8-45 

0*00 

10  „ 

o-i8 

10  „ 

040 

;   9-30  » 

O'OO 

025 

u.  „ 

044 

9-45  »» 

000 

0*38 

12  noon 

0*62 

.10.15  „ 

0*00 

I  pjn. 

0*35 

i3.ao 

p.tn. 

0-81 

"-30  » 

0103 

o'a5 

12.4s 

ft 

ri2 

12  noon 

o*o6 

3  „ 

0-2I 

I 

1*40 

I  p.  111. 

000 

4  ,1 

0  18 

1.20 

» 

1*50 

000 

5  n 

o'i8 

a 

M 

263 

3  » 

-ox)6 

6  I* 

o'i8 

4-48 

4  i» 

-0^12 

o-ia 

3 

565 

5  » 

-0*25 

s  » 

0-09 

315 

l> 

6-25 

6  *„ 

-0*25 

9  n 

o'o6 

3-30 

n  1 

693 

10  „ 

0-03 

4 

4.15 

»  j 

778 

8-25 

430 

778 

1 

4.50 

» 

693 

V' 

>» 

ft 

7 

*> 

3-34 

8 

» 

190  , 

9 

' 

« 

10 

»> 

1106 

1 

According  to  the  results  of  a  large  number  of  observers, 
the  d.iily  period  in  these  iiilloiesccnccs  is  of  this  kind,  thai  tlic 
maximum  excess  of  temperature  is  attained  during  the  day 
and  tlie  minimum  during  the  night  The  course  of  the  daily 
periods,  as  indicated  by  the  occurrence  of  the  niaxima»>  is  the 
less  uniform  the  shorter  the  grand  period  This  is  clearly 
seen  on  comparing  the  daily  periods  of  inflorescences  which 
have  longer  or  shorter  grand  periods.  Thus  in  the  case  of 
Arum  niaculatum  (sec  table  above)  the  grand  period  is  rather 
short,  and  the  daily  maximum  occurred  later  in  the  middle  of 
the  gr^and  period  than  at  its  beginning  or  towards  its  end* 
In  PkHodendran  HfinHatifidufn^  in  which  the  |^nd  period 
extends  over  only  34 — 36  hours,  Warming  observed  that  the 
maximum  excess  of  temperature  (r8'5'C.)  occurred  on  the 
first  day  at  7  p.m.,  and  on  the  second  day  (5® — C.)  between 
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9—10  a.m.  In  the  case  of  Colocasia  odora^  in  which  the 
grand  period  is  much  longer,  the  following  results  have  been 
obtained. 


Observer 

Day  I 

1 

■■  i 

III 

Vrolik  and  ) 
de  Vriese  \ 

Van  Bcek     1  j 
and  Bergsma  j 

Brongniart 
Hoppe 

Hour 

Max. 

Excess 
temp. 

Hour 

Max. 
Excess 
lemp. 

t  Hour 

1  1 

Max. 
temp. 

3.15P.III. 

1 

I  1 

4-j5o'  C. ' 

I 

4  p.m. 
1 3  >i 

1 3  M 

4-15  » 

4-40^  c. 
8-90 

14*38 

1000 

310 

5  p.nn. 
1  12.30  „ 
1  3-30  » 

!  5  » 

830 
21-87 

1 0*20 
275 

Vrolik  and  ) , 

de  Vriese  }  ^  \ 
2 

Van  B'eck      |  ' 
and  Hcri^fsnia  f 
Brongniart 
Hoppe  i 

IV  1 

V 

! 

1  4 — 6  „ 
1-5  » 

tox>o  1 

'  I  rco 

1 

9a.ni. 

12  noon 

• 

1  1 1  a.m. 
1  I  p.m. 

1 

170 

8-20 

244 

'  2p.m. 

^  10  a.m. 

1 

Day  I  is  the  day  on  which  the  spathe  opens. 

When  the  grand  period  extends  orer  a  considerable  time, 
as  in  the  case  of  growing  shoots  for  instance,  the  course  of 

the  daily  period  is  luoic  rcL'ular.  DuUuchcl  c^imc  to  the 
conclusion  from  his  numerous  observations  on  grow  nig  shoots 
that  the  hour  of  the  daily  occurrence  of  the  maximum  excess* 
of  temperature  is  constant  for  any  given  plant,  but  that  it  is 
different  for  different  plants. 

Dtttrochet  determined  the  daily  period  of  the  evolution  of  beat  by 
shoots  in  the  fottowing  cases. 

These  obsci  vaiiuns  were  made  upon  plants  in  a  saturated  atmosphere 
to  prevent  loss  of  heat  by  transpiration. 
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I.  Complete  duly  period  in  Et^kerkia  La^^s : 


1 

- 

! 

Day 

Hour 

Excess  of  1 
temp,  of  plant 

Day 

Honr 

Excels  of 
temp,  of  plant 

Jane  5 

6  3«ni* 

o-og'^  C. 

Tune  6 

6  aJBL 
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2.   Time  of  occurrence  of  maximum  temperature  in  various  plants ; 


Maximum  excess 

«f  tenapeniture 

jRffsa  canina 

10  a.m. 

0'3I«C. 

0*I2 

Borago  officinalis 

Euphorbia  Lathyris 

13  noon 

I  pjn. 

0*34 

Papaver  somnifi-rum 

I  », 

02 1 

Cactus  JliigiUijfortnis 

0*12 

HeUamhus  anmtus 

I  » 

0*39 

Impatiens  balsamina 

1  If 

0*11 

A  ilanthus  glandulosa 

I  n 

o-r6 

Campanula  media 

2  „ 

d'3T 

Sambucus  tiigra 
LUhsm  mnmdum 

02 1 

0'38 

Aspixragus  ojffiamUis 

3  i» 

0*35 

Laciuca  sattva 

•3  M 

0*09 

It  is  generally  admitted  that  this  daily  periodicity  is 
totiidy  due  to  causes  inherent  in  the  plant,  to  variations  an 
the  activity  of  its  destructive  metabolism.  It  is,  however* 
aflected  by  variation&  in  the  external  conditions.  The  evolu- 
tion of  heat  by  the  plant  is  greater  when  the  external 
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temperature  is  moderately  high,  so  that,  within  a  certain 

limit,  the  excess  of  the  temperature  of  the  plant  over  that  of 
the  air  is  greater  at  a  higher  than  at  a  lower  external 
temperature.  We  can  readily  understand  this,  for  we  know 
that  destructive  metabolism  is  more  active,  within  a  certain 
limit,  the  higher  the  external  temperature.  When  the  varia- 
tions of  the  external  temperature  are  gradual,,  the  course  of 
the  daily  period  asserts  itself  even  in  opposition  to  them  : 
but  when  they  arc  sudden  and  considerable,  they  give  rise,  as 
Hoppe  found  in  the  case  of  Colocasia  odora^  to  corresponding 
variations,  but  of  greater  amplitude,  in  the  daily  period  of  the 
plant  With  r^^ard  to  the  influence  of  light,  Dutrochet 
found  that  the  daily  period  persists  for  a  time  (4  day% 
Campanula  medium  ;  3  days,  Lactuca  sativa;  i  day,  Baraga 
officinalis)  when  the  plant  is  k<jpt  cniuinuously  in  darkness, 
and  then  disappears,  and  tliat  it  is  slowly  restored  when  the 
plant  is  again  exposed  to  light.  There  can  be  little  doubt 
that  this  Influence  of  light  is  an  indirect  one;  that  the 
disappearance  of  the  daily  period  is  due  to  a  diminished 
destructive  metabolic  activity  in  consequence  of  the  arrest  of 
constructive  metabolism.  Wc  met  wilh  a  case  of  this  kind  in 
a  previous  lecture  (p.  261). 

The  observations  which  we  have  hitherto  selected  in  illus- 
tration of  the  evolution  of  heat  are  all  such  as  have  been 
made  on  growing  oigans,  for  it  might  be  expected,  and 
investigation  has  fulfilled  the  expectation,  that,  inasmuch  as 
growth  is  accompanied  by  active  destructive  metabolism,  it 
would  be  attended  by  an  evolution  of  heat.  This  appears 
to  be  true  also  with  regard  to  movement,  for  Bert  has 
observed  that  the  movement  of  the  motile  organ  of  the 
leaf  of  Mimosa  pudica  is  accompanied  by  a  rise  of  tempera- 
ture. But  it  must  not  be  supposed  that  the  evolution  of 
heat  in  plants  is  confined  to  such  periods  of  specially  active 
destructive  metabolism.  Heat  is  evolved  wlienever  destruc- 
tive metabolism  is  in  progress,  and  the  only  reason  why  we 
cannot  in  all  cases  detect  an  evolution  of  heat  is  that  the 
destructive  metabolism  is  not  sufliciently  active  to  determine 
such  an  evolution  of  heat  as  to  make  good  the  loss  of  heat 
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whicii  is  going  on,  and  at  the  same  time  to  raise  perceptibly 
the  temperature  of  the  plant  or  of  the  organ.  We  shall  see^ 
when  we  come  to  consider  the  loss  of  heat  by  the  plant, 
that  a  considerable  amount  of  heat  must  be  continually 
evolved  in  it,  or  else  its  temperature  would  be  found  to 
be  lower  as  compared  with  that  of  the  sui'rounding  medium 
than  is  actually  the  case. 

We  may  now  pass  on  to  the  loss  of  heat  by  plants,  in 
the  first  place  subaerial  organs  lose  heat  by  radiation.  A 
conclusive  proof  of  this  is  afforded  by  the  familiar  fact  that 
dew  and  hoar-frost  form  so  readily  on  plantSL  The  signifi- 
cance of  this  Is  that,  in  consequence  of  loss  of  heat  by 
radiation,  the  temperature  of  the  plant  sinks  below  that  of 
the  atmosphere.  It  is  on  this  account  that  plants  often 
suffer  from  frost  when  the  temperature  of  the  air  is  actually 
above  the  freezing-point.  Plants  or  parts  of  plants  growing 
in  water  or  in  the  soil  lose  heat  by  conduction. 

This  subject  was  first  investigated  by  Wells,  and  luurc  recently  by 
Boiissingault  and  by  Maquenne.  Boussingault  mentions  that  a  ilicnno- 
meter  placdd  on  grass  on  a  clear  night  often  indicates  a  temperature 
7-S*C  below  that  of  the  air.  Maquenne  sUtes  that  leaves  radiate 
almost  as  much  as  lamp-black. 

In  the  second  place,  subaerial  organs  lose  heat  in  connex- 
ion with  transpiration.  Transpiration,  we  have  seen  (Lec- 
ture VII),  consists  in  the  exhalation  of  watery  vapour  by  the 
plant.   This  involves  the  conversion  of  water  into  vapour  in 

the  plant,  ami  fur  tli.it  a  certain  amount  of  heat  is  necessary  ; 
and  it  involves,  further,  a  transpiiation-current  through  the 
root,  stem,  and  branches,  which  has  a  subsidiary  cooling  effect. 
Thus  Rameaux  found  that,  when  two  similar  branches, 
one  of  which  was  deprived  of  its  leaves,  were  exposed  to  the 
sun  and  supplied  with  water,  the  temperature  of  the*  interior 
of  the  branch  which  bore  leaves  was  10°  C.  lower  than  that 
of  the  branch  which  had  been  deprived  of  its  leaves. 

In  conclusion  we  will  briefly  consider  the  temperature  of 
plants.  A  number  of  factors  cooperate  to  determine  it:  first, 
the  activity  of  the  evolution  of  heat  in  the  plant;  secondly, 
the  temperature  of  the  surrounding  medium ;  thirdly,  the  loss 
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of  heat  by  the  plant.   Then  the  nature  of  the  medium  by 

which  an  organ  is  surrounded  will  materially  affect  its  tempe- 
rature.   Thus  plants  growing  submerged  in  water,  or  roots 
buried  in  the  soil,  have  approximately  the  same  tempera- 
ture as  the  water  or  the  soil,  but  the  mean  temperature  of 
roots  is  somewhat  lower  than  that  of  the  soil  on  account  of 
the  current  of  water  passing  through  them.   This  is  to  be 
accounted  for  by  considering  that  the  temperature  of  the 
water  or  of  the  soil  is  not  subject  to  rapid  variations,  that  it  is 
nearly  constant  for  long  periods  of  time ;  that  the  organs  lose 
heat  neither  by  radiation  nor  in  connexion  with  transpiration, 
but  only  slowly  by.conduction.   The  temperature  of  subaerial 
organs,  on  the  other  hand,  is  o(tm  different  from^  that  of  the 
air,  quite  apart  from  the  exceptional  cases  which  have  come 
under  our  notice,  in  which,  in  consecjuencc  of  a  period  of 
active  destructive  metabolism,  the  temperature  of  the  organ 
is  higher  than  that  of  the  air  for  a  considerable  tirne.    In  the 
first  place,  the  temperature  of  the  air  is  liable  to  rapid  varia- 
tions, and  this  naturally  leads  ^to  differences  between  it  and  the 
temperature  of  the  subaerial  organs  of  a  plant;  again,  vaiia^ 
tions  in  the  temperature  of  the  air  have,  as  we  have  learned, 
a  considerable  effect  upon  the  activity  of  most  of  the  vital 
processes  of  the  plant,  and  in  this  indirect  way  they  affect  its 
temperature.    Finally  tJie  form,  and  bulk  of  a  subaerial  organ 
modify  its  temperature.    Small  organs,  like  the  mycelium  of 
Fungi  or  the  thallus  of  Lichens,  have  approximately  the 
temperature  of  the  air. '  Dutrochet  observed  that  the  tempera- 
ture of  subaerial  organs  of  moderate  bulk  is  in  fact  always 
lower  than  that  of  the  air,  and  de  Saussure  noticed  in  his 
investigations,  that  in  many  cases  tlie  temperature  of  flowers 
was  lower  than  that  of  the  air.    The  temperature  of  leaves 
is  lower  than  that  of  the  air  because  of  the  extent  of  surface 
which  they  offer  in  proportion  to  their  bulk,  and  thus  radia* 
tion  and  transpiration  go  on  actively  in  them.  Maquenne 
has  shewn,  on  the  other  hand,  that  leaves  absorb  heat;  this 
contributes  to  prevent  their  temperature  from  falling  exces- 
sively in  consequence  of  active  transpiration.    In  the  case  of 
fleshy  leaves  Askenasy  has  found  that  when  they  are  exposed 
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to  the  sun  their  temperature  may  be  much  higher  than  that 
of  the  air:  thus  the  leaves  of  Scmpcrtnvujii  alpinum  had  a 
temperature  of  52^  C,  whilst  that  of  the  air  was  28* C.  When 
the  ofgan  ss  bulky,  the  trunk  of  a  tree  for  example,  the  tem- 
perature is  never  the  same  as  that  of  the  airland  it  is  different 
in  different  parts.  With  regard  to  the  temperature  of  trees 
Kiutzsch  states  tliat  in  general  the  teiiiperalure  of  the  trunk 
and  main  branches  is  lower  than  that  of  the  air  during  the 
day  and  higher  during  the  night,  and  that,  ing  the  day» 
the  temperature  of  the  trunk  is  lower  than  that  of  the  branches; 
but  neither  the  trunk  nor  the  larger  branches  attain  within 
the  twenty-four  hours  either  the  maximum  or  tiie  minimum 
temperature  attained  by  the  air:  the  temperature  of  the 
smaller  branches  is  approximately  that  of  the  air.  Becquerel 
finds  that  the  maximum  temperature  of  the  trunk  is  attained 
about  sunset,  and  the  minimum  about  sunrise*.  The  mean 
temperature  of  the  trunk  is  higher  than  that  of  the  air  in 
autumn  and  in  winter>  and  lower  in  spring  and  in  summer : 
but  the  mean  annual  temperature  of  the  trunk  is,  as  Becquerel 
jj  lints  out,  the  same  as  that  of  the  air.  We  see,  then,  that 
the  temperature  of  trunks  and  branches  of  a  certain  bulk 
depends  entirely  upon  that  of  the  external  air.  In  these 
organs  the  proportion  of  actively  living  cells  to  dead  cells  is 
so  small  that  the  heat  evolved  in  the  metabolism  of  the 
former  is  insufficient  to  affect  peireptibly  the  temperature  of 
the  whole  organ.  In  the  course  of  his  observations  upon  the 
evolution  of  heat  in  plants,  Dutrochct  found  that  the  tern-  . 
perature  of  stems  and  branches  is  highest  near  tlie  growing 
point,  and  that  the  temperature  of  the  pith  when  its  cells  are 
living  is  higher  than  when  its  cells  are  dry  and  dead :  these 
differences  of  temperature  are  of  course  due  to  the  greater 
metabolic  activity  in  the  growing-point  and  in  the  young  pith 
than  in  older  parts. 

Tlie  reason  why  the  difterences  of  temperature,  which  arise 
in  the  different  parts  of  a  plant  in  obedience  to  internal  or  to 
external  causes,  are  sufficiently  permanent  to  be  detected  is 
due  to  the  (act  that  the  tissues  of  plants  are  bad  conductors 
of  heat;  and  this  also  explains  to  some  extent  why  it  is  that 
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the  temperature  of  the  trunks  of  trees  differs  from  that  of  the 
air,  for  a  change  in  the  temperature  of  the  air  is  only  very 
slowly  responded  to  in  the  trunk.  Some  woods  conduct  better 
than  others,  hence-  some  trunks  respond  more  promptly  to 
variations  in  the  external  temperature  than  others;  Knitzsch 
observed,  for  instance,  that  the  temperature  of  the  trunk  of  a 
Pine  changed  more  rapidly  than  that  of  the  trunk  of  a  Maple, 
and  he  ascertained  that  the  conductivity  of  the  wood  of  the 
former  is  twice  as  great  as  that  of  the  wood  of  the  latter. 
Again,  the  conductivity  of  wood  is  g^reater  in  the  direction  of 
the  length  of  the  fibres  than  in  the  transverse  direction ;  hence. 
In  a  trunk,  the  tendency  towards  the  establishment  of  uni- 
formity of  temperature  between  Its  different'  parts  is  greater 
than  that  towards  the  assumption  of  the  temperature  of  the 
external  axr. 

• 

With  regard  to  the  relative  conductivity  of  different  woods,  de  la,  Rive 
and  A.  de  CandoUe  find  that  the  denser  the  wood  the  better  it  conducts. 
They  arrange  the  following  trees  in  the  order  of  the  conductivity  of  their 
wood :  CraUegtts  (Pynts)  Aria,  JuglaHs  regia^  Quercus  Roh/r,  Pitms  ' 
AbuSj  Pifpuhts  iiaUca,  Qmrcus  Su^4 

Knoblaudi  has  determined  the  relative  conductivity  in  the  direction 
of  the  fibres  and  across  them  in  the  following  woods-: 

Acacia,  Box,  Cypress   125  :  r. 

Elder,  Lilac,  Hawthorn,  Walnut,  Beech,  Elm,  Oak  145  :  1. 

Apricot,  Brazil-wood   1*60  :  i. 

Willow,  Chestnut,  Lime,  Alder,  Birch,  Pine,  Fir  ...  l*8o  :  i. 

Sowinsky  determined  the  relation  to  be,  for  the  Oak  1*15  :  i,  for  the 
Hornbeam  1*41  :  i,.for  the  Lime  128  :  i,  and  for  the  Chciry  1*4  :  r.  He 
finds,  in  opposition  to  de  Candollc,  lliat  the  Hj^htcr  woods  arc  the  best 
conductors  :  this  difference  is  due  to  the  fact  that  Sowinsky  experimented 
with  fresh  woods,  whereas  de  Candolle  used  dry  woods. 

Li^/if.  The'evolution  of  light  by  plants  is  a  phenomenon 
which  has  been  ]:p.<>\vn  from  the  time  of  Aristotle  and  Ph'ny, 
and  is  cuiuiiiunly  spoken  of  as  phosphorescence.  So  far  as 
we  know  at  present,  this  property  is  confined  to  Thaiiophytes. 
The  so-called  phosphorescence  of  decaying  wood  is  due  to  the 
presence  of  the  mycelium  of  Agariats  meileus  (Rhizomorphft)i 
and  that  of  putrefying  meat  and  vegetables  to  Schizom3^etes 
of  the  nature  of  Micrococci  (Pfliiger,  Lassar).  Other  luminous 
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Fungi  arc  the  Ao^aricus  olcariits  of  Southern  Europe,  the 
A^aricus  igneus  of  Amboyna  (Rumpf),  the  Agaricus  noctilu- 
cent  of  Manilla  (Gaudicbaud),  the  Agaricus  Gardn&ri  of  Brazil 
(GardfierX  and  various  Australian  Agarics  (Dniniinond)«  In 
all  these  last-mentioned  cases  it  is  the  fructification  which  is 
iuininoui  and  not  Lac  niyccliunij 

Various  statements  have  been  made  as  to  the  luminosity  of  flowers 
{Tropttolum  mafus,  Oenothera  macrocarpa^  Calendula  officinalis^  Li  Hum 
bmttiftrumy  Tagetes  palmia^  Helianthus,  Vo\y^!Dli!b!^Phytolaccadtcamdr^ 
butt  even  adniitliAg  the  accuracy  of  the  observations,  the  phenomenon 
in  most  of  these  cases  is  different  from  that  described  above.  The  lumir 
nostty  spoken  of  above  is  persistent,  whereas  in  the  case  of  most  of  these 
flowers  it  consists  of  sudden  flashes,  in  fact  it  suggests  an  electrical  dis- 
charge. In  some  of  the  cases  (Oenothera,  Phytolacca,  Polyanthcs)  the 
luminosity  was  persistent,  but  it  might  have  been  due  to  the  presence  of 
luminous  Fnngi.  (For  Literature  of  the  subject  see  Fries,  Meyen,  de 
Bary,  and  ?rlu*:!jer.) 

Among  Alga:  Meyen  mentions  a  species  of  Oscillatoria,  occurring  in 
masses  in  the  Atlantic  ocean,  and  Ehrenberg  certain  species  of  Diatoms, 
of  the  genera  Cbrf^toceras  and  Discoplca,  as  beini,'  luminous:  Ducluzcau 
speaks  of  luminous  Confervae,  and  Brewster  states  that  he  observed 
luminosity  in  Cham  vt4 hearts  and  hispida.  But  these  statements  all 
require  investigation  ;  the  luminosity  of  Chara  mentioned  by  Brewster  is 
almost  certainly  due 'to  the  phosphorescence  of  the  caicium  carbonate 
with  which  the  plants  are  encrusted. 

The  evolution  of  liglit  is  essentially  dependent  upon  the 
life  of  the  orc^anisra  ;  thus  Fabre  observed  that  the  luminosity 
of  a  specimen  of  Agaricus  olearius  was  destroyed  when  the 
plant  was  killed  by  dipping  it  into  water  at  50*C.  ^  Further, 
the  evolution  of  light  is  dependent  upon  the  destructive  meta* 
holism  of  the  plant  BischoiT  found,  for  instance,  that  the 
luminosity  of  Rhizomorpha  is  not  exhibited  in  vacuo  or  in 
an  atmosphere  destitute  of  free  oxyg'en,  and  his  results  have 
been  confirmed  by  all  subsequent  observers  in  the  case  of 
other  Agarics  and  of  fiacteria :  thus  Ludwig  ascertained  that 
Rhizomorpha  remains  luminous  in  Water  which  has  not  heen 
boiled,  whereas  it  at  onee  loses  its  luminosity  in  boiled  Water, 
in  water,  that  is,  which  holds  no  air  in  solution.  Fabre  found, 
in  one  experiment,  that  a  given  weight  oi  Agaricus  olearius 
exhaled  more  carbon  dioxide  than  an  equal  weight  of  the 
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Fungus  when  not  luminous.    Again,  it  has  been  pointed  out, 
especially  by  Brefeld,  that  it  is  only  the  young  growing  hyphae 
of  Rhizomorpha  which  are  luminous.   The  dependence  of  the 
evolution  of  light  upon  destructive  rhetabolism  is  also  shewn 
by  the  fact  that  -temperature  has  an  influence  on  luminosity. 
Fabre  states  that  3 — ^4*C  is  the  minimum  temperature  for 
the  luminosity  cf  A garicus  me fffus;  Ludwig  found  that  the 
luiuinosity  of  Rhizomorpha  was  \  cry  feeble  at  4 — 5°  C,  an  J 
Schmitz  observed  specimens  which  were  not  luminous  at 
17 — 18**  C.   Brefeld,  however,  found  Rhizomorpha  luminous 
at  a  temperature  of  i — 2''C.   The  optimum  temperature  for 
the  luminosity  of  Rhizomorpha  lies«  according  to  Ludwig,  be- 
tween 25*  and  30*  C:  at  50*  C  its  luminosity  was  permanently 
destroyed.    The  curve  of  luminosity  appears,  then,  to  diner 
from  that  of  respiration,  in  that  the  former  begins  to  fall  at  a 
temperature  at  which  the  latter  continues  to  rise,  fabre 
'  failed  to  find  that  the  evolution  of  light  was  accompanied  by 
a  rise  of  temperature  in  Agaricus  olearius. 

It  is  doubtless  due  to  the  nature  of  the  light  that  the 
luminosity  of  plants  has  been  termed  phosphorescence.  Fabre 
describes  the  light  of  Agariais  olearius  as  being  w  hite,  soft, 
and  uniform,  and  compares  it  tn  that  of  phosphorus  dissolved 
in  oiL  Gardner  states  that  the  light  of  Agaricus  Gardneri 
has  a  green  tinge,  and  Rumpf  speaks  of  that  of  Agaricus 
igneus  as  being  bluish.  According  to  Ludwig,  the  light 
emitted  by  Rhizomorpha  consists  of  the  blue  and  (lie  mote 
highly  refrangible  rays. 

We  have  to  allciupl,  in  conclusion,  to  givc  some  account 
of  the  mode  in  which  the  lumino-siiy  is  produced.  In  the 
hrst  place  it  is  not  a  phenomenon  of  the  same  nature  as  true 
phosphorescence,  for  the  luminosity  of  a  plant  is  quite  inde- 
pendent of  any  previous  exposure  to  the  sun,  nor  can  it  be 
induced,  as  it  can  in  certain  substances  (phosphorite,  chloro- 
phane)  by  mere  heating.  In  the  second  place,  it  is  improb- 
able, ks  Pfliiger  has  made  clear,  that  it  is  due  tK>  the  formation 
in  the  plant  of  some  readily  oxidisable  phosphorus-compound, 
such  as  phosphuretted  hydrogen.  The  immediate  disappear- 
ance of  the  luminonty  on  the  death  of  the  organism  shews 
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that  it  is  not  due  to  the  presence  of  a  substance  which,  hke 
wax,  various  oils,  quinia  sulphate,  etc.  (Dessaigne),  is  lumi- 
nous at  a  modetate  temperature  in  the  presence  of  free 
oxygen,  but  that  it  is  directly  connected  with  the  destructive 

metabolism  uf  the  protoplasm.  Wc  can  only  conclude  that 
a  portion  of  the  energy  set  free  in  the  destructive  metabolism 
of  the  protoplasm  is  evolved  in  the  form  of  light. 

Electruify.  In  view  of  the  changes,  both  chemical  and 
physical,  which,  as  we  have  seen,  are  going  on  with  greater  or 
less  activity  in  the  various  parts  of  the  plant,  it  has  been  not 
unnaturally  inferred  that  the  electrical  equilibrium  of  the 
plant  is  being  constantly  disturbed,  and  that  differences  of 
electrical  potential  in  different  parts  may  be  observed  by  means 
of  appropriate  instruments.  A  considerable  number  obser* 
vations  have,  in  fact»  been  made,  all  of  which  tend  to  shew  that 
electric  currents  are  constahtly  traversing  the  different  oi^ans 
of  plants,  that  is,  that  different  organs  and  different  pointls  of 
one  and  the  same  organ  exhibit  diUcrences  of  electric  potcn- 
tiaL  We  will  not  attempt  to  deal  with  the  extensive  literature 
of  the  subject,  but  a  few  of  the  tnrire  iinportant  and  trust*" 
worthy  observations  may  be  cited  in  illustration.  Buff  found, 
for  example,  that  the  exterior  subaCrial  parts  of  plants  are  in 
a  state  of  permanent  positive  electrification,  whereas  the  roots 
and  the  internal  tissue  are  electrically  negative ;  that  is,  that 
when  one  electrode  is  placed  on  the  surface  of  the  stem  or  of 
.  a  leaf  and  the  other  electrode  on  the  root  or  on  the  section  of 
the  stem,  the  deflection  exhibited  by  the  galvanometer  indi- 
cates the  existence  of  a  current  passing,  through  the  plant, 
from  tiie  root  or  the  section  of  the  stem  to  the  suf^^ace  of  the 
stem  or  leaf,  and  through  the  galvanometer,  from  the  surface 
of  the  stem  or  leaf  to  the  root  or  to  the  section  of  the  stem. 
When  both  the  electrodes  were  placed  upon  the  surface  of  the 
stem,  currents  could  be  detected  passing  irregularly  sometimes 
in  one  direction  and  sometimes  in  the  other:  and  Ranke 
found  that  when  both  the  electrodes  were  placed  upon  t>oint8 
on  the  surface  of  the  section,  a  point  relatively  remote  from 
the  centre  of  the  section  was  always  negative  to  all  i)uiiits 
relatively  near  the  centre.   ^Similar  results  were  obtained  by 
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JUf^ensen  and  by  Heidenham.   Ranke  not  only  succeeded  in 

detecting  the  above-mentioned  currents  which,  as  he  points 
out,  resemble  the  so-called  "normal  currents  **  of  du  I)m> 
Reymond  in  muscle  and  nerve,  but  he  detected  others  as 
ivelL  He  found,  namely,  that  if  the  epidermis  of  a  piece  of  a 
stem  or  of  a  petiole  be  removed  and  one  electrode  be  placed 
upon  this  artificial  longitudinal  section  and  the  other  on  the 
transverse  section,  a  current  passes  through  the  galvanometer 
from  the  transverse  to  the  longituduial  section.  This  current 
he  distin<:^uishes,  as  the  "true  current,"  from  the  current  men- 
tioned above  as  passing  from  the  uninjured  surface  to  the 
transverse  section  which  he  calls  the  "  false  current." 

A  series  of  minute  observations  of  this  kind  has  been 
made  by  Munk  on  the  leaf  of  Dionaa  tnuscipula  (Venus*  fly- 
trap). He  finds,  first,  that  the  mid-rib  is  positive  to  all  points 
of  the  lamina  on  either  surface:  secondly,  that  a  point  on 
the  mid-rib,  at  the  junction  of  its  proximal  third  with  its 
distal  two-thirds,  is  positive  as  regards  all  other  points  on 
the  mid-rib ;  this  is,  therefore,  the  point  of  greatest  positivity 
of  the  whole  surface:  thirdlyf  that  in  any  transverse  strip 
taken  right  across  the  leaf,  the  most  positive  point  lies  in  the 
portion  of  the  midrrib  included  in  the  strip,  and  there  arc 
two  points  on  the  portion  of  lamina  included  in  the  strip 
which  are  negative  with  regard  to  all  other  points  on  the 
strip;  these  points,  the  points  of  greatest  negativity  of  the 
strip,  are  situated  in  the  lamina,  one  on  each  side  of  the. 
mid-rib,  about  half-way  between  it  and  the  margin :  by  Im- 
agining the  leaf  to  be  divided  into  a  number  of  such  strips, 
and  by  joining  the  negative  points  of  the  successive  strips 
the  two  ncfj^ative  lines  are  obtained  ;  all  points  in  the  two 
negative  lines  are  isoelectric  :  fourthly,  that  all  points  situated 
symmetrically  with  regard  to  the  mid-rib  are  isoelectric: 
fifthly,  that  a  point  on  the  mid-rib  which  is  relatively  near  the 
point  of  greatest  positivity  is  positive  as  n^^ds  all  points 
which  are  relatively  distant  from  that  point ;  in  the  lamina, 
a  point  which  is  relatively  near  to  one  of  the  lines  of  nega- 
tivity is  negative  as  regards  all  points  which  are  relatively 
distant  from  it;  sixthly  and  lastly,  that  the  distribution  of 
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potential  is  the  same  on  both  surfaces  of  the  leaf,  and  that 
symmetrically  placed  points,  one  on  the  upper  and  the  other 
on  the  lower  surface,  are  isoelectric. 

The  accompanying  diagram  will  make  this  description  more  in- 
telligible. 


FlO<  39  (after  Monk).  Distribution  of  potential  on  the  surface  of  the  leaf  of 
IHmma  muse^uUu  The  shaded  veitical  portkm  repicMBti  the  mid-rib.  The 
corves  with  anow-hetds  mark  the  directions  of  the  coRents  passing  through 
the  gslvanoineter  from  lehtivdy  positive  to  lelatively  negative  points  of  the 
surboe  of  die  leaf. 

Burdon-Sanderson  however  finds  that  any  point  on  the 
upper  (ventral)  surface  of  the  leaf  of  Dionaea  is  usually  nega- 
tive to  the  corresponding  point  on  the  lower  (dorsal)  surface. 
He  has  also  made  the  interesting  observation  that  when  a 

voltaic  current  is  passed  through  the  petiole  near  its  junction 
with  the  lamina,  it  aflfccts  any  "  normal  "  current  in  the  mid- 
rib in  such  a  way  that  the  normal  current  is  strengthened 
when  the  current  led  through  the  petiole  travels  in  the  same 
direction  as  the  normal  current,  and  that  the  normal  current 
is  weakened  when  the  current  led  through  the  petiole  travels 
in  the  opposite  direction.  He  draws  attention  to  the  simi- 
larity between  these  phenomena  and  those  exhibited  by 
nerves  (electrotonus)  under  the  same  conditions. 

The  question  now  arises  whether  or  not  these  currents  are 
dependent  upon  the  metabolism  of  the  plant,  that  is,  whether 
they  indicate  a  real  dissipation  of  energy  in  the  form  of  elec- 
V.  21 
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txidty,  or  whether  they  are  due  to  purely  physical  causes 
Buff  considers  them  to  be  quite  independent  of  the  vital 
processes  of  the  plant,  and  in  this  opinion  Jiii^ensen,  Heiden- 

hain,  and  Rankc  agree.  Kuukcl  offers  tlic  following  expla- 
nation of  the  phenomena.  He  ascertained,  by  a  number  of 
experiments  of  different  kinds,  that  whenever  a  current  of 
water  is  set  up  between  one  part  of  an  ofgao  and  another^  it 
is  accompanied  by  a  disturbance  of  electrical  equilibrium  of 
such  a  nature  that  a  current  travels  (through  the  galvanometer) 
in  the  same  direction  as  that  in  which  the  cunciit  of  water  is 
travelling.  Let  us  consider  one  case  from  this  point  of  view. 
In  speaking  of  Munk's  experiments  it  was  mentioned  that  all 
points  on  the  mid-rib  of  the  leaf  of  Dionaea  are  positive  as 
compared  with  ail  points  on  the  lamina,  and  Kunkel  found 
this  relation  to  hold  in  the  considerable  number  of  leaves  of 
dicotyledonous  plants  which  Jic  investij^atcd.  Ni  w  il  is  well 
known  that  the  nervaturc  of  leaves  is  more  easily  wetted  by 
water  than  the  rest  of  the  surface.  When,  then,  a  moist 
non^polarisable  electrode  is  placed  on  a  nerve  and  another  on 
the  surface  of  the  lamina,  the  point  of  the  nerve  touched  by 
the  electrode  will  become  moist  more  rapidly  than  the  point 
of  the  surface,  and  diffusion-currents  will  be  set  up  which  are 
more  active  at  the  one  point  than  at  the  other:  these  diffusion- 
currents  are  accompanied  by  electrical  disturbances,  as  is 
well  known  in  Physics,  and  the  result  is  a  difference  of  elec- 
trical potential  at  the  two  points  which  is  indicated  by  a 
current  passing  from  the  former  to  the  latter  through  the 
galvanometer  with  which  the  electrodes  are  connected.  We 
can  apply  this  explanation  to  the  above-mentioned  results  of 
Buff,  Jurgensen,  lieidenhain,  and  Ranke.  The  greater  the 
amount  of  water  present  in  a  mass  of  tissue  the  less  active 
will  be  the  diffusion-cunents  when  water  is  placed  on  its 
surface,  and  the  less  considerable  will  be  the-  accompan3ring 
electrical  disturbance.  In  the  experiments  with  roots,  the 
root  had  been  previously  well  washed  in  waier,  so  that  it  was 
saturated  ;  hence,  when  the  moist  electrode  was  laid  upon  it, 
or  when,  as  in  Buif*s  method,  the  root  was  dipped  in  water, 
the  difiusion-currents  set  up  were  less  active  than  those  set 
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up  in  Ihc  stem,  and,  as  a  consequence,  the  former  was  found 
to  be  electrically  negative  as  regards  the  latter.  Again,  in 
the  experiments  with  stems  which  had  been  cut  across,  the 
section  was  covered  with  moisture  which  had  escaped  from 
the  injured  cells*  and  the  cells  in  the  immediate  neighbour* 
hood  of  the  section  were  saturated  with  water;  hence  the 
duiii:^iuii-curi<jnts  were  more  active  at  the  point  of  the  un- 
injured surface  touched  by  the  one  electrode  than  at  the 
section  touched  by  the  other,  and  consequently  the  former 
was  positive  as  compared  with  the  latter.  With  regard  to 
Ranke's  "true  currenC  there  can  be  little  doubt  that  it  is 
susceptible  of  explanation  in  much  the  same  way.  Hermann 
mentions  that  the  arliucial  longitudinal  section  is  often  posi- 
tive to  the  artificial  transverse  section,  especially  when  the 
organ  consists  for  the  most  part  of  cells  elongated  in  the 
direction  of  its  length.  It  might  be  suggested  that  this  cur- 
rent  b  due  to  some  chemical  difference  in  the  cell-sap  of  the 
cells  in  contact  with  the  electrodes  on  the  longitudinal  and 
transverse  sections  respectively,  but  Velten  has  shewn  that 
this  is  not  the  case.  He  prepared  a  piec(*  of  the  stem  of  S/(/a 
napa;a  which  shewed  the  "true  current,"  and  he  found  that 
both  the  longitudinal  and  transverse  sections  were  strongly 
add.  He  then  washed  the  longitudinal  section  with  dilute 
solution  of  soda  until  its  reaction  was  slightly  alkaline,  and 
in  another  instance  he  treated  the  transverse  section  in  the 
same  way.  On  examination  it  was  found  that,  in  these  pieces 
of  stem,  with  one  acid  and  one  alkaline  surface  in  contact 
with  the  electrodes,  the  current  remained  the  same  as  when 
both  the  surfaces  were  add. 

We  see  that  there  is  some  reason  for  accepting  the  view 
that  the  electrical  currents  which  have  been  observed  in  plants 
do  not  indicate  a  dissipation  of  the  energy  of  the  plant,  but 
are  due  to  physical  causes,  and  are  even  induced  by  the 
apparatus  employed  for  the  purpose  of  detecting  them.  The 
crudal  test  lies  in  the  comparison  of  living  and  dead  organs. 
Ranke  observed  that  parts  of  plants  vi^ich  had  slowly  died  no 
longer  shewed  the  "true  current,**  though  irregular  •'false  cur- 
rents "could  be  detected  for  some  time.    Munk  found  that 
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no  currents  could  be  detected  in  leaves  of  Dioiiaea  w  hich  had 
either  died  slowly,  or  had  been  suddenly  killed.  Vehcn  was 
however  able  to  detect  currents  in  leaves  and  portions  of 
stems  which  had  been  suddenly  killed  by  immersiott  ia 
boiling  water  or  in  alcohoL  Though  these  results  are  contra* 
dictoiy,  yet  this  one  fact  is  dear  that,  in  certain  organs  at 
least,  when  death  is  suddenly  induced  in  such  a  way  that  the 
organisation  is  not  materially  injured,  the  currents  persist. 

Some  further  light  is  thrown  upon  this  point  b}-  the 
observations  which  have  been  made  on  the  currents  in  mo- 
tile organs  when  quiescent  and  when  stimulated.  Burdon- 
Sanderson  and  Munk  have  found  that  when  the  leaf  of  Dionaea 
is  stimulated,  any  current  which  may  be  observed  between 
any  two  points  when  the  leaf  is  unexcited  exhibits  a  variation. 
For  instance,  let  us  suppose  the  electrodes  to  be  placed  on 
opposite  points  of  the  upper  and  under  surfaces  of  an  un- 
excited leaf,  and  that  the  point  on  the  lower  surface  is  then 
found  to  be  positive  with  regard  to  the  point  on  the  upper 
surface.  On  stimulation,  either  mechanical  or  electrical,  of 
the  irritable  upper  surface,  the  under  surface  becomes  suddenly 
negative  to  the  upper,  aiid  then  ij^radually  becomes  positive  to 
the  upper,  more  positive  than  in  the  unexcited  leaf,  the  first 
(i^egative)  variation  being  less  considerable  than  the  second 
(positive)  variation.  Kunkel  obtained  similar  results  in  his 
experiments  on  the  pulvinus  of  the  leaf  of  Mimosa  pudiea. 
When  we  come  to  study  the  mechanics  of  these  organs,  we 
shall  learn  that  stimulation  of  them  gives  rise  to  the  passage 
of  currents  of  water  through  their  tissue^.  The  passage  of 
currents  of  water  through  the  tissues  leads,  as  we  have  seen 
above,  to  a  disturbance  of  electrical  equilibrium,  and  Kunkel 
and  Burdon-Sanderson  agree  in  referring  to  this  cause  the 
positive  variation  which  they  observed :  currents  of  water  pass 
from  the  cells  near  the  point  of  stimulation  to  others  more 
remote,  and  the  latter  become  positive  to  the  former.  With 
regard  to  the  negative  variation  which  follows  almost  imme- 
diately upon  stimulattont  their  opinions  differ*  Kunkel  con- 
siders it  to  be  due  to  alterations  in  the  protoplasm  which 
cause  a  disturbance  of  the  diffusion-currents  in  the  resting 
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leaf :  Burdon-Sanderson  regards  it  as  "  a  visible  sign  of  an 
unknown  molecular  process/'  which  he  consideis  to  be  ''an 
explosive  molecular  change/'  and  as  of  the  same  nature  as 
the  negative  variation  which  follows  upon  the  stimulation 
of  muscles  and  nerves. 

The  stimulation  of  the  leaf  of  Dionaea  may  or  may  not  be 
followed  by  the  closing  of  the  leaf,  but  in  either  case  the 
electrical  phenomena  above  described  are  manifested.  This 
shews  that  the  electrical  changes  observed  in  connexion  with 
the  stimulation  of  motile  organs  are  not  due  to  movement  of 
the  organs,  but  are  the  expression  of  preliminary  changes 
taking  place  in  their  cells. 

Summing  up  the  evidence  which  is  now  before  us  we  come 
to  the  following  conclusions :  (i)  that  the  so-called  ''normal" 
currents  (including  Ranke's  "true"  and  "false"  currents)  are 
not  the  expressions  of  a  dissipation  of  the  energy  of  the  plant; 
(2)  that  the  electrical  disturbances  exhibited  by  motile  organs 
on  stimulation,  or  at  least  the  negative  variation,  arc  the  ex- 
pression of  the  dissipation  of  a  portion  of  the  energy  set  free 
as  the  result  of  molecular  change  in  the  protoplasm. 


We  have  now  concluded  our  study  of  the  metabolism  of 

plants,  and  it  only  remains  for  us  to  bring  together  the  most 
important  points.  The  best  means  of  stating  them  clearly 
will  be  to  draw  up  an  account  of  tiie  income  and  expenditure 
of  a  plant 

Jn  the  case  of  a  plant  possessing  chlorophyll,  the  income 
of  matter  consists,  as  we  have  seen,  of  the  food  (salts,  water, 
carbon  dioxide,  free  oxygen),  and  the  income  of  energy 

of  kinetic  ener^^y  in  the  form  of  light  and  heat,  the  former 
being  the  more  important  of  the  two  items.  The  great  bulk 
of  the  food  absorbed  is  converted  into  organic  matter,  which 
is  retained  by  the  plant  in  the  form  of  organised  structures, 
of  reserve-materials,  and  of  waste-products  which  are  not  ex- 
creted.  At  the  same  time  a  loss  of  matter,  in  the  form  of  the 
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carbon  dioxide  and  water  exhaled  in  respiration,  of  oxygen 
exhaled  by  green  parts  in  sunlight,  and  of  excreted  oiganic 
or  inoi^anic  matter,  has  been  going  on.  Besides  these  items  of 
io68  we  must  mention  some  others  to  which  \vc  have  as  yet 
paid  little  attention.  All  plants  lose  a  certain  amount  of  matter 
in  connexion  with  reproduction,  for  all  plants  throw  off  from 
themselves  in  the  course  of  their  lives^  certain  portions  of 
their  structute,  in  tlie  form  of  seeds,  spores,  antherozoids,  etc, 
for  this  purpose.  Again,  plants  which  persist  for  more  than 
one  period  of  growth,  lose  matter  by  the  falling  off  of  certain 
of  their  organs  and  of  poi  lions  of  their  structure ;  for  ex- 
ample, by  the  falling  of  the  leaves  in  autumn,  and  by  the 
shedding  of  bark,  fruits,  etc  With  reference  to  the  expendi- 
ture of  energy,  we  have  seen  that  a  large  proportion  of  the 
income  of  energy  is  employed  in  the  processes  of  constructive 
metabolism  and  of  nutrition,  and  remains  stored  up  as  poten- 
tial energy  in  the  organic  matter  which  the  plant  accumu- 
lates. A  dissipation  of  energy  in  the  form  of  heat  and  in 
connexion  with  growth  is  common  to  ail  plants :  in  some;, 
there  is  dissipation  of  energy  in  the  form  of  motion :  in  some^ 
in  the  form  of  light :  in  some,  probably,  in  the  foriKi  of  elec- 
tricity. A  loss  of  enerij)',  potential  energy,  occurs  also  when 
the  plcLUl  loses  orgauic  matter  in  any  of  the  ways  mentioned 
above.  We  may  now  proceed  to  tabulate  these  various  items. 
They  u  ill  be  arranged  under  the  two  heads  of  (i)  Income,  and 
(2)  Expenditure.  The  water  lost  in  transpiration  is  not  con- 
sidered, inasmuch  as  it  simply  traverses  the  plant :  only  that 
amount  of  water  is  considered  which  may  be  assumed  to 
enter  into  the  processes  of  constructive  metabolism  or  to  be 
produced  in  tiic  processes  of  destructive  metabolism. 


Plant  possessing  Chlorofuyll. 


Income. 


£XPmN01TUIUL. 

Matter, 

Organic  matter. 
Carbon  dioxide ) 


Food 


Inorganic  salts. 
CaifNiD  dioxide. 
Water 
Free  oxygen. 


Water  ( ^^^P'^^^**^"* 


Free  oxygen— in  decomposition 


of  COt  in  light 
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Rajs  of  ligltt  absorbed  by  chk>- 

rophylL 
Heat 


Expenditure. 

Mattrr. 

£xcreted  substances  (ofganic  or 

inorganic). 
Reproduction  (spores,  seeds,  etc.). 
Other  losses  ^leaves,  fruits,  bark, 

etc). 

Energy, 
Constructive  metabolisin. 
Growth. 

Heat. 

Motion  (in  some  cases). 

Light  ^ 
Electricity  „ 

Potential  energy  (when  oiganip 
matter  is  excreted  or  thrown 
off). 


Balanck  in  fiivour  of  plant 
Matter. 

Organic  matter,  including 
Tissues. 

Rciicrve-matcrials. 
Unexcretcd  waste-pruducls. 

Energy. 

Potential  energy  represented  by 
the  organic  matter. 


In  the  case  of  a  plant  which  does  not  possess  chlorophyll 
die  items  must  be  altered  as  follows. 


IMOOUEL 

Food. 

Inorganic  salts. 
Organic  matter. 
Water. 

Free  oxygen  (in  most  cases). 

Energy. 

Potential  energy  of  organic  food. 
Heat 


EXPIMDnURS. 

Same  as  above,  except  that  no 
free  oxygen  is  given  xSL 


Balance  in  favour  of  plant 
Same  as  above. 
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It  may  be  rcj)catccl,  in  conclusion,  that  the  loss  in  the 
economy  of  the  plant  is,  under  ordinary  circumstances,  much 
less  considerable  than  the  income :  as  a  consequence  the 
plant  continues  to  gain  in  weight  and  to  accumulate  potential 
energy. 

In  the  remaining  lectures  we  shall  consider  the  mechanisms 
of  growth  and  of  movement,  and  the  physiok^  of  reproduc- 
tion. The  next  lecture  wiii  be  devoted  to  the  subject  of 
Growth. 
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LECTURE  XV. 

Growth. 

We  have  already  learned,  from  our  brief  consideration  of 

the  subject  in  the  last  lecture,  something  about  growth.  We 
understand  at  least  what  we  mean  by  growih.  We  use  this 
word  to  express  the  permanent  irreversible)  changes  of 
form,  usually  accompanied  by  a  permanent  increase  in  bulk, 
which  are  established  ia  the  course  of  the  development  of 
plants  and  their  organs.  Each  plant  and  each  part  of  a  plant 
has  an  inherent  tendency  to  assume  a  certain  ultimate  form, 
but  this  ultimate  form  is  only  gradually  assumed.  All  plants 
and  all  parts  of  plants  begin  their  existence  with  a  form 
which  is  ditTcrcnt  from  that  which  they  possess  when  mature, 
and  the  higher  the  morphological  differentiation  of  a  plant 
the  greater  is  this  difference,  and  the  more  numerous  the 
stages  which  intervene  between  the  primitive  and  the  mature 
form. 

I  have  been  careful  to  say  that  change  of  form  is  usually 
connected  with  increase  in  bulk,  for  this  connexion  is  by  no 
means  necessary.  It  is  easy  to  imagine  that  change  of  form 
may  be  effected,  not  by  the  addition  of  material,  but  simply 
by  the  redistribution  of  material. 

The  general  statements  made  above  with  regard  to  plants 
and  their  organs  are  true  also  of  the  individual  cells  of  multi- 
cellular plants,  and  not  only  of  cells  but  of  all  organised 
structures,  cell-walls  and  starch-grains  for  instance.  The 
form  which  a  cell  shall  ultimately  assume  depends  upon 
the  organising  properties  of  its  protoplasm,  though,  as  we 
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shall  sec,  the  expression  of  the  organising^  activity  may 
be  more  or  less  modified  by  external  circumstances.  The 
various  d^^rees  of  histological  differentiation  presented  by 
plants  is  simply  the  expression  of  a  greater  or  smaller  similari^ 
in  the  organising  properties  of  the  protoplasm  of  the  cells  of 
which  each  plant  consists.  For  instance,  the  greater  thick- 
ness of  the  wall  of  one  cell  as  compared  with  that  of  another, 
though  they  exist  side  by  side  and  under  the  same  conditions, 
is  due  to  differences  in  the  organising  properties  of  the  pro- 
toplasm in  the  two  cases.  Further,  the  differences  in  form 
exhibited  by  starch-grains  are  to  be  traced  to  a  similar  cause: 
the  difference  in  form  between  the  starch-grain  of  the  Wheat 
and  that  of  the  Potato,  for  example,  can  only  be  accounted 
for  by  referring  It  to  a  difference  in  the.  organising  properties 
of  the  ainyluplasts  in  the  two  plants. 

We  may  begin  our  more  detailed  study  of  growth  by 
briefly  .enumerating  the  general  conditions  upon  which  it 
depends.  With  some  of  these  we  are  already  familiar.  We 
know,  for  instance,  that  gfrawth  can  only  take  place  when  the 
growing  orgiiii  ndcquately  supplied  with  material  in  the 
form  of  what  we  have  termed  the  plastic  products  of  the 
metabolism  of  the  plant  Growtli  is  then  ultimately  de- 
pendent, so  far  as  the  necessary  material  is  concerned,  upon 
constructive  metabolisoL  We  know  also  lihat  .growth  is 
assoclalted  with  active  destructive  metabolism ;  that  it  is  de- 
pendent, in  the  case  of  aerobiotic  plants,  upon  the  absorption 
of  free  oxygen,  and,  in  the  case  of  anacrobiotic  plants,  upon 
a  supply  of  fermentable  substance.  Growth  is  then  depend- 
ent, so  far  as  the  necessary  energy  is  concerned,  upon  de- 
structive metabolism,  ^^^n,  it  was  shewn  at  length  in  the 
last  lecture  that  growth  can  only  go  on  within  certain  limits 
of  temperature.  Finally,  there  is  one  other' essential  con- 
dition, and  thai  is  an  adequate  supply  of  water  to  the  growing 
organ :  this  is  of  importance  in  order  that  the  cell  or  cells 
may  be  in  a  state  of  turgid ity  (p.  40),  without  whichi  as  we 
shall  see,  growth  is  impossible. 

It  must  not  be  supposed^  however,  that,  provided  that  an 
ofgan  is  supplied  with  the  necessary  material,  that  the  neces- 
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sa.ry  ener^  is  being  cvoK  cd,  that  the  temperature  is  favour- 
able, and  that  its  cells  arc  tun^id,  the  organ  will  continue  to 
grow  indeAnitely.  Speaking  generally  we  may  say  that  the 
power  of  growing  is  possessed  by  an  organ  (and  this  is  equally 
true  of  each  individual-  cell  of  a  multicellular  oi^gan)  only 
during  a  particular  period  of  its  life :  when  this  period  is  past, 
and  during  this  period  the  organ  has  attained  its  limit  of  size 
and  its  permanent  form,  growth  ceases,  however  favourable  to 
continued  growth  the  conditions  nKiy  be. 

Under  certain  circumstances,  however,  a  mature  organ, 
which  has  completed  its  period  of  growth,  may  again  begin 
to  grow.  When,  for  instance,  the  general  conditions  under 
which  an  organ  has  been  growing  are  suddenly  altered,  the 
disturbance  may  stimulate  the  organ  to  grow.  Thus,  it  is 
conmionly  observed  that  when  the  haulms  of  Grasses  are 
laid  horizontally  they  will,  in  the  course  of  a  few  days,  assume 
an  erect  (vertical)  position.  This  is  due,  as  Sachs  has  shewn, 
to  the  fact  that  growth  has  recommenced  in  the  nodes  near  the 
base  of  the  haulm,  and  that  it  has  taken  place  in  such  a  way 
that  the  elongation  of  the  lower  surface  of  the  nodes  is  greater 
than  that  of  the  upper  surface.  Again,  injury  to  an  organ  may 
induce  the  growth  of  the  cells  in  the  neighbourhood  of  the 
seat  of  injury.  Thus,  cuts  in  stems,  etc.,  are  healed  by  the 
formation  of  a  tissue  termed  callus,  which  is  formed  largely 
by  the  renewed  growth  of  cells  which  had  ceased  to  grow: 
further,  injuries  inflicted  by  insects  often  give  rise  to  active 
local  growth,  of  which  the  formation  of  galls  is  a  conspicuous 
example,  and  this  is  true  also  in  many  cases  when  organs  are 
attacked  by  parasitic  Fungi.  The  most  remarkable  instances 
of  an  induction  of  growth  are,  however,  to  be  found  in  con- 
nexion with  reproduction.  The  egg  or  oosphere  of  plants  is 
a  cell  which  has  ceased  to  grow,  and  if  it  remain  unfertilised 
it  will  perish.  But  when  it  has  been  fertilised  it  grows  ac- 
tively and  gives  rise  to  the  embryo.  In  very  many  cases  the 
stimulating  effect  of  fertilisation  is  not  confined  to  the  egg, 
but  also  induces  growth  in  related  organs  :  it  is  in  conse- 
quence of  such  an  induction  of  growth  that  the  fruit  of 
Phanerogams,  for  instance,  is  formed. 
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With  these  prelimtnaiy  remarks  we  will  pass  on  to  con* 
sider  the  mechanics  of  growth,  and  we  will  begin  by  taking 
the  case  of  a  single  celL 

* 

!•   T/te  Mechanics  of  Gruwth, 

All  young  ceils  (omitting  from  consideration  those  which 
do  not  |>ossess  a  ceU»wall)  consist  at  first  of  a  mass  of  pcoto* 
plasm,  including  a  nucleus,  which  is  closely  invested  by  a 

cell-wall,  the  whole  being  saturated  with  water.  When  the 
cell  begins  to  increase  in  size,  the  protoplasm  ceases  to  oc- 
cupy the  whole  of  the  space  enclosed  by  the  cell-wall,  that  is 
to  say  that  the  bulk  of  the  protoplasm  does  not  increase 
as  rapidly  as  the  area  of  the  cdU-wall.  Since  the  protoplasoi 
remains  in  close  connexion  with  the  oell-wall  at  all  points, 
the  result  of  the  disparity  between  the  growth  of  the  proto- 
plasm and  that  of  the  cell-wail  is  that  small  cavities,  termed 
vacuoles,  make  their  appearance  in  tlie  interior  of  the  proto- 
plasm, in  which  watery  fluid,  the  cell-sap,  collects.  As  the 
cell  further  increases  in  sise,  the  vacuoles  also  become  larger 
and  usually  coalesce  so  as  to  form  a  single  large  vacuole  or 
sap-cavity  which  is  lined  at  the  surface  by  tiie  peripheral 
protoplasm  (primordial  uliiclc),  and  which  is  traversed,  for  a 
time  at  least,  by  protoplasmic  strands  connecting  the  primor- 
dial utricle  with  a  mass  of  protoplasm  investing  the  more  or 
less  centrally  placed  nucleus.  This  condition  of  the  cell  is 
well  shewn  in  Fig.  3  (p.  13). 

These  are  very  briefly  the  phenomena  which  may  be 
observed  in  a  growing  cell :  we  have  now  to  seek  an  explana- 
tion of  them.  The  point  upon  which  we  shall  first  fix  our 
attention  is  the  growth  in  area  of  the  cell-wall.  It  may  be 
stated  at  once  that  the  growth  in  area  of  the  cell-wall  is  due 
to  pressure  exerted  upon  It  by  the  cell-contents.  In  the  early 
stage  of  the  development  of  the  cell,  when  it  contains  no 
vacuole,  it  is  the  protoplasm  which  exercises  this  pressure :  in 
the  later  stages  of  its  growth,  it  is  the  cell-sap  which  exer- 
cises it  We  have  already  learned  (p.  39)  how  a  hydrostatic 
pressure  comes  to  be  set  up  in  a  cell,  and  there  is  evidence  to 
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prove  that  the  existence  of  this  h3fdrostatic  pressure,  in  other 

vTords,  a  turgid  condition  of  the  cell,  is  essential  to  its  growth. 
It  is  a  matter  of  common  experience  that  plants  will  not 
grow  unless  they  are  supplied  with  water ;  on  the  contrary, 
under  these  conditiofis  they  wither.  This  point  was  made 
the  subject  of  experiment  by  Sorauer.  He  grew  a  number  of 
Barley-plants  in  soib  containing'  different  proportions  of 
moisture,  10,  20,  40,  or  60  per  cent,  of  the  amount  requisite 
for  the  complete  saturalii  n  of  the  soil,  the  other  conditions 
being  the  same  in  all  cases,  and  he  found  that  within  a  certain 
limit — for,  as  we  have  already  learned  (p:  49),  an  excess  of 
<  water  is  hurtful — ^the  more  moist  the  soil  the  more  perfect 
was  the  development  of  the  plant  We  have  here  the  proof 
of  the  importance  of  water  in  the  process  of  growth.  In  the 
light  of  de  Vries'  expc  1  :incnts,  we  are  able  to  explain  So- 
rauer's  results  by  attributing  the  imperfect  growth  of  the  plants 
in  the  relatively  dry  soils  to  the  fact  that  in  the  absence  of  an 
adequate  supply  of  water  the  turgidity  of  the  growing  cells 
could  not  be  maintained.  De  Vries  found,  namely,  that  the 
growth  of  branches,  peduncles,  etc.,  was  more  or  less  dimin- 
ished when  ihcy  were  placed  in  solutions  of  neutial  salts 
(NaCl  or  KNO3)  of  sufficient  concentration  to  withdraw 
water  from  the  growing  cells  and  thus  to  dmiinish  their 
tuigidiQr^  and  that  growth  was  entirely  attested  when  the 
solutions  were  sufficiently  concentrated  to  cause  complete 
plasmolysis  in  the  ceils  (p.  43).  The  arrest  of  growth  was  not 
due  to  any  injury  done  to  the  cells  by  the  reagent  employed, 
for  de  Vries  cibsen-cd  that  after  thorouc^h  washing  in  water  to 
remove  the  salt  the  organs  resumed  their  growth. 

It  appears,  however,  that  turgidity  is  not  in  all  cases  essential  to  the 
growth  of  ceU-walls.  Strasburger  has  pointed  oat  that  when  pollen-tabes 
are  being  formed  from  poUen-gratns  the  poUen-grains  are  not  turgid. 
He  attributes  the  growth  in  length  of  the  pollen*tube  to  the  pressore  of 
the  contained  protf^lasm.  This  is  probably  true,  as  mentioned  above,  of 
the  growth  of  all  cells  in  its  first  stages 

The  distension  of  the  cell-wall  in  consequence  of  the 
turgidity  of  the  cell  is  not»  however,  growth,  for  the  size  of 
the  cell  can  be  diminished  by  diminbhing  the  turgidity. 
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When  we  were  discussing  the  osmotic  properties  of  the  cell 
(p.  39)  we  found  that  immersion  in  a  4  per  cent,  nitre-sol utidh 
causes  growing  cells  to  become  smaller,  the  reduction  in  size 
being  due  to  the  abstraction  of  water  from  the  vacuole,  in 
other  words,  to  diminished  turgidity.    Increase  in  size  of  the 
cell  due  to  growth  cannot  be  affected  in  this  way;  it  is  per- 
manent.   But  though  the  distension  due  to  turgidity  is  not 
actual  growth,  yet  it  is  only  when  thus  distended  tliat  the 
cell-wall  is  capable  of  growth.  The  mechanism  of  the  growth 
of  the  ceil-wall  is  briefly  this.   Let  us  suppose  a  cell-wall  to 
be  of  a  certain  size ;  it  is  then  stretched  somewhat  by  the 
turgidity  of  the  cell :  this  temporary  distension  is  gradually 
rendered  permanent  by  growth,  that  is,  b)-  actual  additions  to 
the  substance  of  the  cell-wall ;  this  increase  in  size  is  followed 
by  further  distensions,  and  these  in  turn  are  gradually  ren- 
dered permanent  by  actual  growth.   A  growing  cell-wall  is 
alwa3rs  on  the  stretch ;  at  the  same  time  a  continuous  addi* 
tion  to  its  substance  is  taking  place  which  enables  it  con- 
stantly to  increase  in  area,  and  this  constitutes  its  growth. 

We  have  now  to  deal  with  the  question  as  to  the  mode  in 
which  tile  additions  to  the  substance  of  the  cell-wall,  by 
means  of  which  it  grows  in  area,  are  made.  This  is  a  much- 
debated  question,  and  there  are  two  theories  concerning  it 
which  especially  demand  our  attention.  The  older  one>  due 
to  Naegeli,  is  known  as  the  tkeary  of  intussusc^tim  (p.  16). 
Starting  from  the  fundamental  idea  of  the  micellar  structure 
uf  the  cell-wall  (p.  32),  Naegcli  explains  the  growth  of  cell- 
walls  as  follows  :  when  a  growing  cell  is  tur^^id  the  cell-wall 
is  stretched  and  its  constituent  micelles  are  so  widely  sepa- 
rated from  each  other  as  to  admit  of  the  intercalation  of  new 
micellas  of  cellulose  into  the  intervening  watery  areas ;  in  this 
way  the  extended  condition  of  the  cell-wall  is  rendered  per- 
manent, and  by  a  repetition  of  the  process  further  growth 
takes  place.  The  more  recent  view,  of  which  Strasburgcr  is 
the  principal  exponent,  is  entirely  opposed  to  the  preceding. 
In  the  first  place  he  rejects  the  micellar  theory,  and  he  con- 
siders the  existence  of  any  mode  of  intussusceptive  growth  to 
be  extremely  improbable.   He  attributes  the  growth  in  area, 
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SLs  well  as  the  growth  in  thickness^  of  cell-walls  to  apposition. 
The  distension  of  a  cell-wall  due  to  turgid ity  is  rendered 

permanent,  not  by  the  intercalation  of  fresh  particles  of  ccilu- 
losc,  but  by  the  deposition  of  a  layer  of  cellulose  upon  the 
internal  surface  of  the  one  already  existing.  So  long  as  the 
cell  is  turgid,  this  deposition  of  fresh  layers  of  cellulose  does 
not  produce  any  considerable  thickening  of  the  cell-wall 
because,  in  consequence  of  the  tension  to  which  they  are 
subjected,  the  layers  are  very  thin ;  it  is  only  when  the  cell 
has  ceased  to  be  turgid  and  has  ceased  to  grow  that  the 
thickness  of  the  cell-wall  begins  to  increase  materially 
(p.  291). 

We  will  content  ourselves  with  this  brief  statement  of  the 
two  most  important  views  as  to  the  growth  of  cell-walls,  for  it 
would  lead  us  too  far  were  we  to  attempt  to  discuss  the  vast 
mass  of  facts  and  of  observations  upon  which  they  are  based. 

It  is  also  impossible  at  this  stage  of  the  development  of  the 
subject  to  pronoin^ce  definitely  for  the  one  or  for  the  other. 
Stilly  inasmuch  as  it  has  now  been  conclusively  proved  that 
the  growth  of  starch-grains  (p.  iSi)  and  the  increase  in  thick- 
ness of  cell-walls  takes  place  by  apposition,  it  is  not  improbable 
that  the  growth  in  area  of  cell-walls  is  effected  in  the  same  way. 

In  some  cases  the  growth  in  area  of  the  cell-wall  is  certainly  not 
effected  by  intussusception,  but  by  a  modified  form  of  apposition ;  for 
instance,  the  inUradary  growth  of  the  cell-walls  in  CEdogonium. 

It  has  been  already  pointed  out  that  the  growth  of  the 
protoplasm  in  a  cell  is  commonly  small  as  compared  with  the 
growth  of  the  cell-wall.  We  know  so  little  about  the  struc-* 
tare  of  protoplasm  that  it  is  impossible  at  present  to  give  any 
account  of  its  mode  of  growth.  It  appears,  however,  that  its 
growth  is  interstitial,  that  is,  that  growth  goes  on  throughout 
its  substance. 


V. 


22 
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2,    Structure  and  Properties  of  Growing  Organs. 

In  our  further  study  of  growth  we  shall  have  to  deal 
prindpally  with  growing  organs  which  consist  of  a  numbe  r  r  f 
cells;  it  is  important,  therefore,  that  we  should  first  of  all 
form  some  idea  of  the  structure  and  properties  of  such 

organs. 

Ihc  niLinbers  of  plants  which  exhibit  morphological 
diilcrentiation,  slcin,  leaf,  and  root,  and  the  body  of  many 
Thallophytes,  grow  at  first  throughout  their  whole  extent; 
but  at  a  later  period  in  their  development  the  capacity  for 
growth  is  possessed  by  certain  parts  only.  As  a  rule  the 
growth  in  length  of  a  stem,  a  root,  or  a  leaf,  is  confined  to  its 
apex.  But  this  rule  ts  not  without  exceptions,  for  it  is  not 
unfrcquently  the  case  that  a  zone  of  cells  near  the  up|)CT  or 
lower  ends  of  the  intcrnodes  of  stems  or  near  the  basc^  of 
leaves  remains  capable  of  growth ;  such  zones  are  termed 
intercalary  zones  of  gro^^vth.  The  growth  in  thickness  too  of 
stems  and  roots  is  confined  to  layers  of  cells  at  a  greater  or 
less  depth  from  the  surface,  which  may  or  may  not  be  con* 
tinuous  so  as  to  form  complete  zones  as  seen  in  transverse 

sections  of  tlic  members. 

In  the  growing  apex  of  a  member  two  rec^ions  are  to  be 
distinguished ;  (l)  the  apical  region,  or  piinctum  vegetationis^ 
in  which  growth  is  relatively  slow  but  cell-division  active: 
(2)  a  region  behind  the  apex  in  which  growth  is  rapid,  that  is, 
in  which  the  increase  in  size  of  the  cells  is  active,  but  there  is 
little  or  no  cell-division,  at  least  by  the  formation  of  trans- 
verse walls.  Behind  this,  ^jrowth,  at  least  in  length,  has 
ceased.  An  estimate  of  the  relative  lengths  of  these  regions 
is  afforded  by  Sachs*  observations  given  in  the  following 
table.  He  marked  out  the  terminal  intemode  of  the  stem  of 
a  plant  of  Phaseolus  mulHfhrus  into  twelve  lengths,  each  of 
3-5  mm.,  and  he  determined  the  amount  of  elongation  of  each 
of  these  lengths  during  a  period  of  forty  hours. 
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Leiij^th  I  (apical; 

»       2  ' 

1*  3 

f,  4 

»  5 
6 


2  0  mill. 

2-5  » 
4'5 
6-5 

5'5 

30 


ry 
ft 

»> 


Length  7 
8 

9 
10 

II 

la 


>» 

it 


I '8  mm. 
ro 

I'O 

05  n 


We  see  that  the  maximum  of  growth  took  place  in  the 
fourth  length.  In  view  of  the  small  difference  in  the  rate  of 
growth  between  the  first  and  second  lengths,  and  of  the  great 
difference  between  the  second  and  third  lengths,  we  nia^ 
estimate  the  length  of  the  functum  vegstatioms  in  this  case  at. 
7  millimetres.  The  length  of  the  second  region  is  clearly 
mucli  Ln  c  riter :  we  may  cslimate  it  at  about  21  inillinicti  es. 
Tlic  length  of  the  whole  growing  region  is  therefore  about 
2S  millimetres. 

It  must  not  be  supposed,  however,  that  the  growing  rq^ion 
of  stems  is  confined  to  a  single  intemode :  it  frequently  ex* 
tends  over  several  internodes,  the  number  being  diflferent  in 

different  plants,  as  the  following  tabic  drawn  up  by  Sachs 
will  shew. 


T-cngth  of 
growing  region 

Number  of 
kttcrnocies 

Fri tularin  imperioHt 
Allium  Porrum 
Allium  Cepa 
Cephalaria  proemra 
Valeriana  Phu 
PolviTOPtum  Sieboldi 
Asparagus  asptr 

7 — 9  cm. 
about  40 

w    30  »# 

ft    35  »p 

•    »    25  „ 

»       20  „ 

1 
I 
I 

s 

4 

4—5 
numerous 

According  to  Askenasy  there  are  growing  simultaneously, 
in  Galium  Mollngo  8 — 10  intcrnodes,  in  Myriophyllum  25 — 30, 
in  Elodea  4(>-*5o,  and  in  Hippuris  there  are  so  many  that  he 
doubts  if  any  of  them  cease  growing  so  long  as  the  plant 
lives. 

In  roots  Sachs  found,  as  shewn  in  the  following  table,  that 

the  region  of  most  rapid  growth  lies  much  nearer  to  the  apex- 

22 — 2 
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than  ill  stems,  so  that  the  growing  r^on  is  altogetiier 
shorter. 

The  meastirenwiito  were  made  itpoii  a  primary  root  of  Vidm  Faia: 
in  this  case  the  leogtht  weie  only  of  i  mm.,  and  the  time  34  hours. 


Length  i  (apical)  ...  1*5  mm. 

»»    2  ...  3*8  91 

»♦     3  «••  8*2  „ 

»»    4  •••  3'5  n 


Length  6  ...     1*3  mm. 

»»      7  ^'5  M 

„      8  ...    o*3  „ 

r        9  02  „ 

M     10  0*1  „ 


In  this  case  the  length  of  the  punctum  vegetationis  was  not 
more  than  i  millimetre,  and  that  of  the  second  region  not 
more  than  9  millimetres. 

There  b,  however,  no  abrupt  transition  from  the  one  region 
to  the  other.  If  we  imagine  a  growing  apex  to  be  marked  out 
Into  a  great  number  of  successive  narrow  transverse  xones, 
beginning  at  the  apex,  each  such  zone  will  consist  of  cells 
growing  with  a  certain  degree  of  rapidity  which  is  not  the 
same  as  that  of  the  zones  on  either  side  of  it.  Between  the 
zones  which  exhibit  respectively  the  greatest  and  the  least 
rapidity  of  growth,  there  are  a  number  of  zones  exhibiting 
various  intermediate  degrees  of  tapidity.  These  facts  may  be 
more  dearly  expressed  by  means  of  a  formula.  If  the  suc- 
cessive zones  of  a  growing  apex  are  indicated  as  I,,.N,,,N -k-x, 
the  apical  zone  being  /,  the  zone  of  most  rapid  growth  being 
N,  and  the  last  zone  of  the  growing  region  being  N-\-x^  the 
relation  of  their  respective  increments  in  the  same  time  is 
as  follows: 

(apex)  I<II<III  <Ath>iV'+I  >A^+^. 

maximum  cessation. 

In  intercalary  zones  of  growth  the  same  two  regions  are 

to  be  distinguished,  buL  in  lli  the  zone  of  cell-division' 

lies  between  two  zones  of  active  growth.  This  relation  is 
illustrated  in  the  following  table  of  some  of  Stebler's  obscr* 
vations  on  the  growth  of  the  leaves  of  the  Onion* 

The  basal  portion  of  the  lamina  and  the  upper  poi  tion  of  the  sheath- 
ing portion  of  the  leaf  were  marked  out  into  zones  of  2 "5  m.nL  each, 
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xone  1  being  the  lowest  and  zone  IX  the  uppermost :  the  liguies  give  tliG 
increment  in  length  of  each  zone  for  24  hours. 


Day  I 

Day  II 

Day  III 

Day  IV 

/  »  in 

„  IV 
Lamina  -    ^  VI 

n  VII 

«  VIII 
\   „  IX 

o*T  mm. 

01 

01  „ 
04  » 

04  n 
0-3  ^ 

02  „ 
0-2  „ 

o-i  „ 

a3  mm. 

0-4  „ 

02  „ 

04  » 

05  n 

03  .> 

o'3  n 
0-3  „ 

01  „ 

0  6  mm. 
ro  „ 

07  ff 
31  n 

10  „ 

ro  „ 

O'S  „ 

01  „ 

0  8  mm. 
->  *-> 

-  -  i> 
08  „ 

34  » 
2'S  » 
17  n 
r6  „ 

1*3  ,f 
in  „ 

Passing  now  to  the  properties  of  growing  organs,  the  one 
whkh  is  of  the  greatest  physiological  importance  is  that  of 
responding  to  the  action  of  stimuli  Stimuli  of  the  most  various 
kinds,  that  of  light,  of  gravitation,  of  electricity,  of  contact  of 
foreign  bodies,  etc.,  produce  modifications  in  the  turgidity 
of  the  growing  cells,  which,  when  rendered  permanent  by 
growth,  find  their  expression  in  curvatures  and  other  altera- 
tions in  the  form  and  direction  of  growth  of  the  organs,  giving 
rise  to  the  phenomena  which  are  included  under  the  terms 
hdiotfopism  and  geotropism^  to  the  twining  of  tendrils,  etc; 
these  phenomena  we  will  study  in  subsequent  lectures.  In 
endeavouring  to  account  for  the  ready  response  of  growing 
organs  to  the  action  of  these  various  stimuh,  it  is  usually 
ascribed  to  an  especial  irritability  of  their  protoplasm.  But 
we  must  not  overlook  the  greater  mechanical  facilities  for 
such  a  response  which  young  cells  possess  as  compared  with 
mature  cells ;  we  can  easily  understand  that  the  form  of  a 
young  cell  with  a  relatively  extensible  cell-wall  will  be 
much  more  obviously  affected  by  changes  induced  in  its 
protoplasm,  than  that  of  an  old  cell  in  which  the  cell-wall  is 
relatively  tnextensible. 

A  few  words  may  be  devoted  to  the  purely  physical  pro« 
perties  of  growing  organs.  It  appears,  from  the  observations 
of  Sachs,  that  growing  intemodes  are  highly  extensible  but 
very  imperfectly  elastic.  They  are  therefore  very  flexible  ; 
if  tliey  are  strongly  bent  they  retain  a  permanent  curvature, 
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the  concave  side  being  shortened  and  the  coincx  Mde  length- 
ened ;  by  repeated  bending  they  may  be  moulded  into  almost 
any  form.   A  familiar  illustration  of  the  flexibility  of  growing 
organs  is  afforded  by  the  pendent  position  of  many  flower- 
buds  on  their  peduncles  or  pedicels ;  the  position  is  due  to 
the  fact  that  the  flexible  stalk  is  curved  by  the  weight  of  the 
bud.    Curvature  of  a  growing  organ  can  also  be  induced  by 
concussion.    If  an  erect  growing  shoot  be  struck  laterally, 
a  curvature,  which  persists  for  a  time,  is  the  result,  Prii- 
lieux  has  pointed  out  that  if  the  shoot  be  struck  near  the 
apex,  its  curvature  is  such  that  it  is  convex  on  the  side  upon 
which  the  blow  fell :  if,  however,  the  shoot  be  struck  near  its 
base,  the  vibration  travels  upwards  in  the  form  of  a  wave,  and 
the  curvature  of  the  apical  growing  portion  is  such  that  its 
concavity  is  on  the  side  which  was  struck. 

With  regard  to  the  distribution  of  extensibility  in  growing 
organs  De  Vries  has  shewn  that,  in  growing  stems,  the  maxi- 
mum of  extensibility  and  of  flexibility  exists  somewhat  behind 
the  punctum  vef^etationisy  that  is,  in  the  region  of  most  active 
growth.  As  the  tissues  become  mature  their  cxtcnsibiiiiy 
diminishes  and  their  elasticity  increases. 

3.    Tensions  in  Growing  Organs, 

We  have  learned  that  a  state  of  tension,  turgidity,  as  it  is 

termed,  is  an  essential  condition  of  gfrowth.  All  ^wing 
organs,  therefore,  exhibit  this  form  of  tension.  Rut  wc  have 
now  to  deal  with  tensions  of  another  kind  wliich  are  due. 
In  the  first  place,  to  the  fact  that  the  cells  do  not  all  tend 
in  the  course  of  their  growth  to  attain  the  same  form,  but 
to  assume  different  forms.  At  the  apex  of  a  growing  stem, 
for  instance,  some  of  the  cells  increase  in  all  dimensions  to 
form  the  kind  uf  permanent  tissue  which  is  known  as  paren- 
chyma, whereas  others  increase  especially  in  length  to  form 
the  kind  of  permanent  tissue  which  is  known  as  prosenchyma. 
Further,  this  histological  differentiation  is  accompanied  by 
differences  in  the  chemical  composition  and  in  the  physical 
properties  of  the  cell-walls.   The  walls  of  the  epidermal  cells, 
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at  least  towards  their  free  surface,  become  thickened  and 
cuticularised  ;  the  cells  forming  the  vascular  tissue  and  the 
sciercnchyma-strands  become  thickened  and  lignified,  and  in 
some  instances  (vessels)  they  lose  their  protoplasmic  contents^ 
The  result  is  that  the  epidermal,  vascular,  and  sclerenchx- 
matous  tissues  become  more  and  more  inextensible  and  rigid. 
The  cell-walls  of  the  parenchymatous  gfround-tissue — of  which 
the  pilh  constitutes  the  principal  mass    have  not,  on  the  other 
hand,  undergone  these  changes  ;  they  remain,  for  a  time  at 
least,  thin  and  extensible.   Inasmuch  as  these  dittcrent  tissues 
are  firmly  coherent;  and  since  the  epidermal*  fibrous,  and 
vascular  tissues  are  relatively  rigid,  whereas  the  thin-walled 
parench3m[iatous  tissue  is  relatively  highly  extensible  and 
tends  to  expand  in  consequence  of  its  turbidity;  tensions 
are  set  up  between  them  the  nature  ui  which  we  shall  proceed 
to  study. 

It  has  been  found  that  the  tensions  thus  arising  are  dis- 
tributed in  two  directions,  longitudinally  and  transversely. 
The  longitudinal  tension  in  growing  stem-structures  (shoots, 
peduncleSj  petioles)  can  be  readily  demonstrated  by  splitting 
th^  organ  from  above  downwards,  by  two  longitudinal  cuts 
at  right  angles  to  each  other,  into  four  segments  :  the  segments 
diverge  and  bend  concavely  outwards.  This  cur\'ature  is 
due  to  the  elongation  of  the  pith  and  to  the  shortening  of 
the  external  tissues.  Whilst  the  organ  was  still  entire,  the 
turgid  pith  was  prevented  from  elongating  to  its  full 
extent  by  the  rigidity  of  the  other  tissues ;  it  was  in  a  state 
of  active  or  positive  tension :  the  external  tissues,  and  es- 
pecially the  epidermis,  were  stretched  by  the  pith  ;  they  were 
in  a  state  of  passive  or  negative  tcn>i(  >n.  Tins  is  made  clear 
by  the  following  measurements  which  are  due  to  Sachs. 

A  thick  longitudinal  slice  was  cut  out  of  a  growing  intemode  of 
Silphium  pcrjoliatum :  it  was  then  laid  flat,  and  the  pith  was  divided  by 
a  longitudinal  cut ;  the  two  halves  diverged. 

Shortening  of  the  concave  Lengthening  of  the  convex 

outer  (ifiderillBl)  Mm.  inner  (pith)  side 

Right  half      3'4  per  cent  9.3  per  cent  of  the  length  of  the 

entire  intemode. 
left  half        2'8      „  9'3        „  „ 
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In  other  cases  the  various  tissues  were  separated  from  each  other  aad 
the  variation  of  their  length  determined,  as  in  the  following  instance. 
The  length  of  the  intemode  is  taken  as  loo,  and  the  variations  in  length 

are  estimated  as  percentages,  shortening  being  indicated  by  a  minus 
sign,  and  lengthening  by  a  plus  sign.  The  plant  in  the  case  given  was 
I^icotiiuia  Tadacum^ 


Nutiitjcr  of  the  5ntcrno<1e, 
begiutiiiig  at  the  youog«»t 

Corttx 

I— IV 
V— VII 
VIII— IX 
X~Xi 

-5*9 

-3*1 

-3*5 
-0-5 

-1*5 
-0-5 

+  29 

+3*5 
+0-9 

+a-4 

The  following  general  expression  for  the  relative  lengths 
of  the  tissues  after  isolation  has  been  given  by  Sachs,  where 
E,  Q  V,  P,  stand  respectively  for  epidermis,  cortex,  vascular 
tissue,  and  pith : 

E<C<V<P>V>C>E. 

This  expression  also  states  the  relative  active  tension 

(compression)  of  the  la^eiri,  fur  the  greater  the  compression 
the  greater  will  be  the  elongation  of  a  tissue  on  isolation.  The 
expression  for  the  passive  tension  (stretching)  will  be 

E>C>  V>P<V<C<E, 

The  most  general  statement  of  the  distribution  of  the  longi- 
tudinal tension  in  stem-structures  is  that,  passing  from  the 
centre  to  the  surface^  each  of  the  la3wrs  of  tissue  is  stretched 

by  the  layers  internal  to  it,  and  is  compressed  by  the  layers 
external  to  it. 

In  the  case  of  roots  the  longitudinal  tension  is  much  less 
considerable.  If  the  growing  apex  of  a  root  be  slit  vertically, 
the  two  halves  remain  at  first  in  contact:  it  is  only  after  lying 
for  some  time  in  water,  and  in  consequence  of  subsequent 
growth,  that  any  curvature  becomes  perceptible.  It  is  then 
of  tills  kind,  that  the  two  halve-)  remain  in  contact  at  tlic 
apex,  but  bend  away  from  each  other,  so  that  their  external 
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surfaces  arc  convex,  between  the  apex  and  the  point  up  to 
wHich  the  cut  reaches.    This  curvature  is  due  to  the  more 
a^ctive  growth  of  the  cortical  ground-tissue  which  lies  between 
tlie  vascular  tissue  and  the  epidermis,  and  which  constitutes 
Ihc  principal  mass  of  the  parenchymatous  ground-tissue  of 
tlic  root   It  indicates  the  existence  in  the  root  of  a  longi- 
tudinal tension,  though  a  very  slight  one,  of  this  kind,  that 
the  cortical  ground-tissue  is  in  a  state  ot  Lictivc  or  positive 
tension,  and  that  the  vascular  and  the  epidermal  tissues  are 
in  a  state  of  passive  or  n^ative  tension. 

The  transverse  tension  in  growing  stem-structures  can  be 
readily  demonstrated  by  taking  a  rather  thick  transverse  sec- 
tion of  the  growing  region  and  dividing  it  into  two  halves  by 
a  diametrical  cut,  when  the  two  cut  edges  will  become  convex 
to  each  other;  or  ai^ain,  by  taking  off  a  ring  of  cortical  tissue 
and  attempting  to  replace  it,  when  it  will  be  found  impossible 
to  make  the  two  ends  meet  The  cur\'ature,  in  the  first  case,  is 
due  to  the  expansion  of  the  pith,  and  to  the  shortening  of  the 
external  tissues :  the  increase  in  bulk,  in  the  second  case,  is 
due  to  the  expansion  of  the  pith  consequent  upon  the  removal 
of  the  resisting  cortical  tissue.  The  transverse  tension  is 
due  to  the  fact  that  the  thin-wallcd  turgid  ])arcnchyinatous 
tissue,  and  especially  the  pith,  tends  to  expand,  not  in  length 
only,  but  in  all  directions.  Moreover  the  epidermis  tends  to 
become  narrow  in  consequence  of  being  stretched  by  the 
longitudinal  tension,  and  this  contributes  materially  to  in- 
crease the  transverse  tension.  The  general  distribution  of 
the  transverse  tension  is  much  the  same  as  that  of  the  longi- 
tudinal  tension. 

In  roots  the  transverse  tension,  like  the  longitudinal,  is 
scarcely  appreciable.  If  a  transverse  section  of  the  growing 
region  of  a  root  be  taken  and  divided  in  the  manner  described 
above,  no  curvature  will  be  at  first  seen,  but,  if  the  halves  be 
left  in  water,  they  will  gradually  become  concave  to  each  other, 
owing  to  the  expansion  of  the  cortical  parenchymatous  tissue. 

In  some  instances  (internodcs  of  Grasses  and  Equisetum, 
peduncles  of  Dandelion,  etc.)  the  growth  in  circumference  of 
the  organ  is  so  great  that  the  pith  not  only  exercises  no 
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transverse  pressure  upon  the  external  tissues,  but  is  >tretched 
radially  by  them,  and  lo  such  an  extent  that  it  cannot  keep 
pace  with  their  tangential  growth^  but  ruptures*  so  that  the 
otgans  become  hollow. 

Inasmuch  as  these  tensions  are  the  result  of  unequal  tur> 
gidity  and  growth  and  of  the  progress  of  histological  differ* 
entiation,  we  should  expect  to  i\nd  that  they  are  exhibited 
in  different  decrees  by  different  rcf^ions  in  a  growing  organ. 
This  has  been  determined  experimentally  by  Kraus.  He  has 
found,  with  regard  to  the  longitudinal  tension,  that  in  tiie 
youngest  intemode  of  a  stem  the  pith  does  not  alter  in  length 
on  isolation ;  it  was  therefore  not  In  a  state  of  tension  when 
in  the  intemode ;  but  the  external  tissues,  vascular,  cortical, 
an.tl  epidermal,  sliorten  somewhat  on  isolation,  ami  were  there- 
lore  in  a  state  of  passive  tension.  In  somewlial  older  inter- 
nodes  the  pith  is  slightly  compressed  and  the  external  tissues 
stretched,  the  tension  being  greater  the  more  external  the 
tissue;  this  stage  corresponds  to  the  numerical  illustration 
given  above.  In  still  older  intemodeis  the  only  perceptible 
effect  of  the  isolation  of  the  tissues  is  the  elongation  of  the 
pith.  These  observations  are  to  be  explained  thus;  that  in 
the  youngest  intemode  the  histological  dittcrejitiation  is  rudi- 
mentary and  the  external  tissues  are  veiy  extensible  and 
yield  readily  to  the  tension  due  to  the  expansion  of  the  pith, 
whereas  in  the  older  intemodes  histological  differentiation 
has  proceeded  so  far  that  the  vascular  and  epidermal  tissues 
arc  well-developed  and  iheir  cell-walls  have  become  thickened 
and  somewhat  rigid,  but  they  still  yield  to  the  expansion 
of  the  pith;  in  the  still  older  intemodes  the  vascular  and 
epidermal  tissues  have  become  fully  developed  and  aie  now 
so  rigid  that  they  do  not  3rield  at  all  to  the  turgid  pith,  but 
passively  resist  it  The  transverse  tension  is  distributed  in 
the  manner  described  above  for  the  longitudinal  tension,  but, 
as  already  mentioned,  the  surface-growth  of  the  organ  may 
eventually  be  so  great  as  to  cause  a  radial  stretching  of  the 
pith  and  even  its  rupture.  The  tensions  are  greatest  in  the 
second  of  the  stages  described  above,  when  the  external 
tissues  offer  a  certain  elastic  resistance  to  the  expansion  of 
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the  pith  but  are  stretched  by  it ;  in  the  third  stage  the  ten- 
8ion^  are  less  considerable,  and  in  still  older  intemodes  in 
which  the  pith-celb  have  ceased  to  be  extensible  and  even  to 

be  turgid  the  tensions  disappear  altogether. 

In  in.iiu-  plants,  thu;ic  parts  of  the  stems  and  roots  which 
have  ceased  to  grow  in  length,  continue  to  grow  in  thickness 
by  means  of  a  zone  of  meristematic  cells.  The  most  common 
mode  (Dicotyledons,  Conifers)  of  this  growth  in  thickness  is 
that  new  cells  are  produced  by  division  from  this  zone,  which 
Is  termed  the  eambhm^layer^  and  that  these  then  grow  to 
form,  on  the  outside  of  the  cambium-layer,  bast  or  phlotim- 
ti^Mie,  and  on  the  inside,  wood  or  xylem-t issue.  Constant 
additions  are  thus  made  to  the  vascular  tissue  on  each  side  of 
the  cambium-layer.  The  result  is  that  the  tissues  external  to 
the  ring  of  vascular  tissue,  namely  the  older  bast,  the  cortical, 
and  the  epidemial  tissues,  are  subjected  to  a  transverse  pres- 
sure from  within  outwards,  and  that  the  tissues  internal  to  the 
cambium  layer,  namely,  the  older  wood  and  the  pith,  are 
subjected  to  a  transverse  pressure  from  without  inwards.  And 
conversely,  the  tissues  outside  the  cambium-layer  exercise  a 
pressure  upon  it  from  without  inwards,  and  the  tissues  inside 
the  cambium*Iayer  exercise  a  pressure  upon  it  from  within 
outwards.  A  considerable  tension  is  thus  set  up  between  the 
internal  and  the  external  tissues,  the  effect  of  which  is  to 
stretch  the  latter  in  the  peripheral  direction,  that  is,  in  a 
direction  parallel  to  the  surface  of  a  transverse  section  of  the 
organ,  and  to  compress  the  former,  though  owing  to  the 
rigidity  of  the  older  wood  the  effect  of  the  compression 
is  slight  The  relation  between  the  various  external  layers 
of  tissue  is  diis,  that  each  is  stietched  by  the  layer  next 
inside  it  and  compressed  by  the  layer  next  outside  it 
This  great  and  increasing  pressure  soon  produces  a  visible 
effect  upon  the  external  tissues:  they  rupture,  and  longitudi- 
nal fissures  appear  on  the  surface.  The  rupture  does  not, 
however,  produce  open  wounds,  for  in  the  meantime  a  forma- 
tion of  cork  has  been  taking  place  beneath  the  epidermis. 
1  he  cork,  in  its  turn,  is  ruptured  and  shed  in  scales  or  in  rings 
which  are  replaced  by  fresh  formations. 
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4.  Influence  of  ike  Tensions  upon  the  Growth  of  the 

CeHs. 

We  gather  from  what  has  already  been  said  that  the  wall 
of  a  growing  cell  is  subjected  in  all  cases  to  a  pressure  from 

within,  due  to  its  own  turgidity,  and,  in  the  case  of  a  cell 
forming  part  of  a  tissue,  to  a  pressure  from  without  exerted 
upon  it  by  the  surrounding  cells.  It  has  been  already  men- 
tioned that  each  ceil  tends  in  the  course  of  its  growth  to 
assume  a  particular  form,  and  we  have  now  to  determine  in 
the  first  place  the  mode  in  which  this  tendency  obtains  ex* 
pression,  and  secondly,  the  effect  of  the  pressure  of  surround- 
ing cells  in  modifying  the  form  which  the  cell  naturally  tends 
to  assume. 

In  discussing  the  former  of  these  points,  let  us  first  con- 
sider the  case  of  a  cell,  a  unicellular  plant  for  example,  which 
is  free,  that  is,  not  coherent  with  other  cells.  In  this  case 
only  the  internal  pressure  due  to  tui^dity  has  to  be  taken 
into  account.  The  form  assumed  under  such  circumstances 
b)'  the  cell  in  the  course  of  its  growth  is  detciniiiied  by  the 
distribution  of  extensibility  in  the  cell-wall.  If  the  cell-wall 
be  uniformly  extensible,  then,  since  the  hydrostatic  pressure 
is  the  same  at  all  points  of  its  internal  surface,  the  cell-wall 
will  be  uniformly  stretched,  and  the  general  form  of  the  cell 
will  continue  to  be  that  which  it  originally  possessed.  If» 
however,  the  cell-wall  be  not  uniformly  extensible,  but  some 
areas  are  more  extensible  than  others,  then  the  more  exten- 
sible areas  will  yield  to  the  internal  pressure,  and  the  result 
will  be  the  formation  of  outgrowths  and  a  complete  change  in 
the  form  of  the  cell 

The  inequalities  of  extensibility  in  the  wall  of  a  growing 
cell  can  only  be  ascnbed  to  differences  of  structure  in  different 
parts.  These  differences  of  structure  may  depend  upon 
differences  in  thickness  due  to  an  unequal  deposition  of 
cellulose  on  the  internal  surface  of  the  wall,  or  upon  an 
alteration  in  the  molecular  structure  of  the  wall  effected 
by  the  protoplasm,  the  result  of  which  is  to  cause 
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certain  areas  of  the  cell-wall  to  become  less  dense,  more 
capable  of  imbibition  (p.  15),  and  then  also  more  extensible, 
than  the  rest.  No  adequate  explanation  can  at  present  be 
given  of  the  nature  of  this  action  of  the  protoplasm,  but  there 
can  be  no  doubt  that  it  actually  takes  place.  As  an  illustration 
of  its  importance  in  relation  to  change  of  form,  Strasburifer 
mentions  that  when  a  lateral  branch  is  to  be  developed  upon 
a  somewhat  old  cell  of  Cladophora,  an  area  of  the  cell-wall, 
at  the  point  where  the  branch  is  subsequently  borne,  swells 
up  by  imbibition,  becomes  more  extensible  than  the  rest  of 
the.wally  and,  under  the  pressure  of  turgidity,  is  forced 
outwards  so  as  to  fonn  a  protubetance.  The  further  growth 
of  this  protuberance  is  effected  by  the  same  means ;  the  wall 
remains  extensible  at  the  apex,  and  thus  the  prulubcrancc 
cluiigates  until  the  limit  of  growtli  is  reached.  It  is  then, 
ia  any  case,  by  the  protoplasm  that  the  distribution  of  ex- 
tensibility in  the  growing  cell-wall  is  determined,  and  it  is 
therefore  upon  the  protoplasm  that  the  ultimate  form  of  the 
ceil  depends. 

We  will  now  pass  to  the  second  of  the  two  points  raised 
above,  namely,  the  effect  of  the  tension  of  the  tissues  upon 
the  form  ultimately  assumed  by  the  cells  of  which  they  con- 
sist It  is  obvious  that  when  a  number  of  ceils  are  closely 
coherent,  as  in  a  growing  point,  the  pressure  which  they 
mutually  exert  must  to  some  extent  modify  the  natural 
growth  of  the  individual  cells,  and  must  therefore  considerably 
affect  the  ultimate  form  of  the  cells.  Examples  of  this  are 
constantly  presenting  themselves  in  the  study  of  the  histoloj^y 
of  plants.  The  most  striking  of  these  are  produced  by  the 
transverse  tension,  especially  that  which  is  set  up  in  conse* 
quence  of  the  secondaiy  growth  in  thickness  of  stems  and 
roots.  Still  the  longitudinal  tension  is  not  without  its  effect 
in  this  respect,  though  it  is  not  so  readily  demonstrable. 
There  can  be  no  doubt,  for  instance,  that  the  elongated  form 
of  the  cells  of  the  fibrous  and  vascular  tissues  is  due  in  great 
part  to  the  stretching  to  which  they  were  subjected,  as  de- 
scribed above,  by  the  tuigid  pith  whilst  they  were  still  grow- 
ing :  and  conversely,  the  resistance  of  the  peripheral  tissues 
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causes  the  cells  of  the  pith  to  be  shorter  and  broader*  than 

they  otherwise  would  be. 

A  good  illustration  of  the  effect  of  the  transverse  tension 
which  exists  in  growing  stems  independently  of  a  secondary 
growth  in  thickness,  is  afforded  by  the  development  of  tylosis. 
It  had  long  been  observed  by  histologists  that  the  cavities  of 
the  vessds  of  Jthe  wood  of  the  steins  and  roots  of  vartoua 
plants  are  filled  with  delicate  parenchymatous  tissue,  but  the 
mode  of  origin  of  this  tissue  was  not  clearly  understood  until 
Reess  made  his  researches  upon  the  subject.  It  is  formed  in 
this  way.  When  a  vessel  having  large  bordered  pits  in  its 
wall  abuts  upon  a  parenchymatous  cell,  the  delicate  mem^ 
brane  which  separates  the  lumen  of  the  vessel  finom  the  cavity 
of  tiie  cell  gradually  grows  into  the  lumen  of  the  vessel  so  as 
to  form  a  considerable  protuberance  (Fig.  40),  the  tylose, 


Fig.  40  (after  Weiss).  Portion  of  a  vessel  (a)  of  VUU  vinifcra  with  adjoiniag 
wood'cellft  (t\,  one  of  which  hat  grown  into  the  himen  of  the  vend  to  form  a 
tylote  (^). 

which  may  even  undergo  cell-division.  This  takes  place  at 
several  points  in  the  wall  of  tlie  vessel,  and  thus  its  lumen 
becomes  filled  with  parenchymatous  tissue.  The  physiolo- 
gical explanation  of  the  phenomenon  b  this.  The  turgid 
parenchymatous  celb  are  compressed  longitudinally  by  tiie 
resistance  offered  by  the  fibrous  and  vascular  tissues  to 
their  elongation  :  the  effect  of  this  is  that  the  parenchymatous 
cells  tend  to  expand  laterally,  and  they  press  with  great  force 
against  the  lateral  walls  of  the  fibres  and  vessels.   The  pres- 
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sure  upon  the  wall  between  a  parenchymatous  and  a  vascular 
cell  is,  whilst  the  vascular  cell  is  yourtg  and  turgid,  the  same 
on  both  sides,  but,  as  the  vascular  cell  becomes  gradually 
difiereottated  so  as  to  form  a  segment  of  a  vessel,  it  loses  its 
protoplasimc  contents^  and  with  them  its  capacity  for  become 
ing  turgid :  the  wall  is  now  subject  to  pressure  from  the  side 
of  the  parenchymatous  cell  only,  and  those  portions  of  it 
which  hiivc  Kjinaiacd  lliiii  and  extensible,  the  pit-meiubiancs, 
yield  to  the  pressure  and  grow  out  into  tyloses  in  the  manner 
described  above.  The  fact  tiiat  the  parenchymatous  ceils 
begin  to  grow  at  those  points  at  which  the  pressure  upon 
them  is  removed,  proves  that  their  growth  is  hindered  by  the 
preasore  to  whidi  they  are  subjected  by  the  other  tissues,  and 
this  must  have  much  to  do  with  determining  their  ultimate 
size  and  form. 

The  effect  of  the  transverse  tension  due  to  tiie  second^uy 
growth  in  thickness  of  stems  and  roots  manifests  itself  very 
clearly  and  in  various  imys.  For  instance,  it  is  characteristic 
of  the  cortical  tissues  of  these  organs  that  their  cells,  as  seen 
in  transverse  section,  are  elongated  peripherally.  This  elonga- 
tion is  the  expression  of  llie  stietclung  of  the  cells  under  the 
radial  pressure  exerted  upon  them  by  the  growing  vascular 
tissue.  ,  In  some  cases  this  peripheral  stretching  may  be 
carried  so  far  that  the  two  walls  of  the  cells  meet  and  the 
cavities  are  completely  obliterated :  Strasbuiger  mentions  the 
Mtr  sieve-tubes  of  Finus  as  aflbiding  instances  of  this. 
Another  illustration  of  the  effect  of  this,  tension  in  modifying 
the  form  of  cells  is  afforded  by  the  difference  in  size,  as  seen 
in  transverse  section,  between  the  vessels  and  cells  of  the 
wood  produced  in  the  spring  and  those  produced  in  the 
autumn,  the  difference  to  wliich  is  due  the  marking  out  of  the 
wood  into  the  ''annual  rings"  which  is  so  conspicuous  in 
the  wood  of  dicotyledonous  and  coniferous  shrubs  and  trees. 
The  difference  in  size  is  due  to  the  fact  that  the  transverse 
tension  is  j^rcater  in  the  autumn  than  in  the  spring.  DuriTig 
the  winter  the  cortical  tissue  becomes  dry  and  cracks,  so  that 
when  the  formation  of  new  wood  from  the  cambium-layer 
begins  in  the  spring  the  transverse  tension  is  relatively  small 
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and  the  cells  formed  are  relatively  large:  but  as  the  summer 
goes  oil  the  tension  increases,  ow  inc(  to  the  continued  forma- 
tion of  wood  and  bast  by  the  cambium,  and  the  size-  of  the 
newly  formed  cells  diminishes.  De  Vrics  has  proved  the 
correctness  of  this  explanation  by  artificially  increasing  the 
tension  in  branches  in  the  spring  by  means  of  a  tightly- 
wrapped  ligature  of  twine,  and  observing  that  tiie  cells  formed 
under  the  ligature  were  smaller  than  those  formed  bcyoml  the 
limits  of  the  ligature.  Knigfht's  cxpcrimciU^  supply  evidence 
of  the  same  kind.  He  i^ed  young  apple-trees  so  that  the 
lower  part  of  the  stem  could  not  be  moved  by  the  wind, 
leaving  the  upper  part  free  to  move.  He  found  that  the 
upper  free  part  increased  in  diameter  much  more  rapidly  than 
the  lower  fixed  part.  The  explanation  of  this  difference  is 
that,  owing  to  the  swayiug  caused  by  the  wind,  the  cortical 
tissues  of  the  upper  free  portion  were  stretched,  and  therefore 
the  pressure  exercised  by  them  upon  the  growing  cells  in  the 
cambium-region  was  smaller  than  that  in  the  lower  fixed 
portion  of  the  stem. 

The  existence  of  this  considerable  transverse  tension  and 
its  effect  upon  the  development  of  the  tissues  has  long  been 
recognised  in  horticulture.  It  is  a  common  jji  actice  to  split 
the  cortex  of  young  trees  in  the  summer  with  a  view  to  pro- 
moting the  formation  of  woody  tissue.  The  cooscqueace  of 
this  is  that  more  water  can  be  conveyed  upward  to  the 
growing  parts,  and  an  increased  formation  of  buds  and  leaves 
is  brought  about. 

A  further  illustration  of  the  effect  of  this  transverse  ten- 
sion upon  the  development  of  the  tissues  is  afforded  by 
excentric  stems  and  roots,  in  which,  namely,  the  annual  ring^s 
of  wood  and  the  cortex  are  thicker  at  some  parts  than  at 
others.  This  is  due  to  local  differences  of  tension ;  where 
the  tension  is  the  smallest  the  growth  in  thickness  is  the 
most  rapid,  and  conversely.  The  differences  of  tension  are 
due  to  a  loosening  of  the  cortex  at  certain  parts  which  may 
be  brought  about  by  various  causes.  Thus  K.night  observed 
in  the  case  of  young  apple-trees  which  were  so  secured  that 
they  could  be  swayed  by  the  wind  only  in  a  plane  lying 
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north  and  south,  that  in  the  course  of  a  year  the  north  and 
south  diameter  of  the  stem  exceeded  the  east  and  west 
diameter  in  the  proportion  of  thirteen  to  eleven.  The  greater 
growth  in  the  thickness  along  the  north  and  south  diameter 
is  the  consequence  of  the  stretching  and  loosening  of  the 
cortex  on  the  north  and  south  sides  of  the  stem  by  the 
action  of  the  wind.  Again,  Detlefsen  has  observed  that  the 
development  of  lateral  brandies  on  stems  and  roots  produces 
exccntricity  which  is  h'kcwise  the  expression  of  local  diminu- 
tion of  the  transverse  tension.  The  diminished  tension  is  the 
result  of  the  growth  of  the  lateral  branches  which  tend  to 
loosen  the  cortex  and  hence  to  diminish  the  tension.  There 
is  thus,  a  region  extending  for  some  distance  downwards  from 
any  of  the  larger  lateral  branches  of  the  stem  and  upwards 
from  any  of  tho>e  of  the  root  in  which  the  tension  is  dimin- 
ished ;  accordingly  growth  in  thickness  is  more  active  here, 
and  the  annual  rings  of  the  stem  or  of  the  root  come  to  be 
excentric. 

We  may  perhaps  include  among  the  phenomena  which  we 
are  now  considering  some  of  the  cases  of  torsion,  those, 

namely,  whicli  appear  to  be  due  to  inlcrnal  causes.  The 
surface  of  mnny  on^ins,  especially  internodes  and  leaves, 
present  stria:  which  twist  round  the  long  axis  of  the  organ. 
They  arc  very  apparent,  for  instance,  in  the  internodes  of 
Chara.  These  striae  of  cortical  tissue  are^  as  Sachs  points  out, 
necessarily  longer  than  the  organ  on  which  they  are  present, 
and  this  suggests  that  they  are  due  to  a  longer  duration  of 
the  growth  of  the  cortical  as  compared  with  the  internal 
tissues,  a  conclusion  which  is  supported  by  the  fact  that  the 
striae  make  their  appearance  towards  the  end  of  the  period  of 
growth  in  length  of  the  organ.  The  increase  in  length  of 
the  external  tissues  is  resisted  by  the  internal  tissues.  If  the 
line  of  action  of  this  resistance  were  parallel  to  the  long  axis 
of  the  organ,  the  external  tissues  would  not  become  twisted, 
but  would  remain  in  a  state  of  positive  tension  :  this  can  be, 
however,  but  rarely  the  case ;  hence  the  result  of  tlie  tension 
-between  the  external  and  the  internal  tissues  is  that  the 
former  become  twisted.  This  explanation  is  supported  by 
V.  23 
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Kraus'  observations  on  the  occurrence  of  torsion  in  etiolated 
internodes,  a  peculiarity  to  which  Sachs  first  drew  attention. 
Kraus  finds  that  the  peripheral  cortical  cells,  towards  the  end 
of  their  growth,  pass  from  the  parenchymatous  to  the  prosen- 
chymatous  form ;  this  is  accompanied  by  considerable  elonga- 
tion, and  it  is  at  this  time  that  torsion  can  be  noticed  on  the 
surface.  Observations  leading"  to  the  same  conclusions  had 
been  previously  made  by  Braun  on  the  development  of 
prosenchymatous  wood-cells  from  the  cambium. 

In  connexion  with  these  cases  of  torsion,  we  may  notice  a 
curious  phenomenon  exhibited  by  roots  which  de  Vries  has 
recently  brought  to  light  It  Had  been  observed  Ionic  ^.^o 
that  the  surface  of  the  older  parts  of  many  roots  (Red  Clover, 
Beet,  Dipsacus  Fullonum,  Artichoke)  is  marked  by  transverse 
or  oblique  wrinkles.  De  Vries  finds  that  these  wrinkles  are 
due  to  a  change  in  form  of  the  parenchymatous  cells  of  the 
root  When  gnywth  in  len^^th  has  ceased,  these  cells  tend  to 
increase  in  breadth,  and  in  so  doing  become  shorter:  this 
causes  the  wrinkles  in  the  cortical  tissue,  and  also  curvatures 
of  the  vascular  tissue. 

5.    The  Grand  Period  of  Growth  in  Length, 

Now  that  we  have  acquired  some  notion  of  the  structure 

and  properties  of  growing  organs  and  of  the  mutual  rela- 
tions of  the  cells  composint^  them  when  they  are  mulliccII  .N 
lar,  we  may  go  on  to  consider  in  i^reater  detail  the  process  of 
growth  itself.  It  has  been  already  mentioned  (p.  333)  that 
the  growth  of  a  cell  Is,  generally  speaking,  limited  to  a  par- 
ticular  period  of  its  life.  But  the  rate  of  growth  is  not 
uniform  throughout  this  period.  At  first  the  cell  grows 
slowly,  then  more  and  more  rapidly  until  a  maximum 
rapidity  is  reached,  and  then  the  ra[)idity  diminishes  until 
growth  ceases  altogether.  This  cycle  is  termed  the  Grand 
Period  of  Growth.  It  is  due  entirely  to  causes  Inherent 
in  the  growing  cell,  and  though  its  regularity  may  be  tem- 
porarily interfered  with  by  variations  in  external  conditions, 
yet  it  will  on  the  whole  assert  itself  in  opposition  to  them. 
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The  grand  period  is  exhibited  as  well  by  multicellular 
ofgans  as  by  single  cells,  and  we  shall  best  illustrate  it 
by  reference  to  the  former.  We  have  seen  (p.  338)  that 
a  growing  apex  may  be  regarded  as  consisting  of  succes* 

sivc  zones  of  cells  :  those  nearest  the  apex  consist  of  young 
cells  which  arc  growing  but  slowly;  others,  further  from  the 
apex,  consist  of  older  cells  which  are  growing  rapidly ;  others 
strain,  still  further  from  the  apex,  consist  of  nearly  mature 
cells  which  are  ceasing  to  grow.  This  mode  of  regarding  the 
growing  apex  gives  us  an  idea  of  the  distribution  of  the 
activity  of  growth  ///  space.  If,  however,  we  regard  these 
zones,  not  as  a  series  of  successive  zones,  but  as  representing 
successive  stages  in  the  growth  of  a  single  zone,  we  gain 
a  conception  of  the  distribution  of  the  activity  of  growth 
im  Hme,  that  is»  of  the  Grand  Period.  As  a  matter  of  fact 
any  one  zone  does,  in  the  course  of  its  growth,  occupy 
the  positions  of  these  successive  zones  and  exhibits  the  cor* 
responding  rates  of  growth.  At  first  it  lies  near  the  apex 
in  the  punctiim  ve^etationis,  and  then  its  growth  is  slow  :  by 
the  formation  of  new  cells  in  front  of  it,  it  is  gradually  re- 
moved further  and  further  from  the  apex»  and  its  growth 
becomes  more  and  more  rapid  until  the  maximum  rapidity  is 
attained ;  as  its  distance  from  the  apex  continues  to  increase, 
the  rapidity  of  its  growth  rapidly  diminishes,  and  ultimately 
it  ceases  to  grow. 

The  folio win{.f  deter ininalions  of  the  grand  period  of  growth  of  xones 
of  growing  organs  were  made  by  Sachs. 

1.  Zone  I  nun.  in  length,  marlced  just  behind  the  funcimm  wgiia* 
Horns  of  a  piinuuy  root  of  Vida  Fwkt, 
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2.  Zone  3-5  mm.  in  length,  at  the  upper  end  of  the  first  internode 
of  Phaseoius  muUifiorus* 
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Inasmuch  as  a  growing  organ,  a  root  or  an  internode  for 
instance,  consists  of  a  number  of  zones  e^mwing  simulta- 
neously, the  increase  in  length  of  the  organ  in  a  given  time 
will  be  the  sum  of  the  increments  of  the  growing  zones,  the 
rate  of  its  growth  at  a  given  time  will  be  the  mean  of  the 
rates  of  growth  of  the  zones,  and  its  grand  period  will  b^n 
at  the  commencement  of  that  of  the  first  zone  and  will  extend 
to  the  end  of  that  of  the  last 


The  foQowtng  taUe  of  observatioiis  made  by  Sachs  upon  an  internode 
of  Pkmseolus  muittfiorus  illustrates  the  relations  mentioned  above.  The 
internode  was  marked  out  into  12  zones  each  3  5  mm.  long :  the  figures 
give  the  daily  increment  in  millimetres. 

It  will  be  seen  that  tlie  figures  refer  only  to  the  latter  part  of  the 
grand  period  of  the  internode. 
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Again,  since  a  stem  consists  of  a  number  of  interaodes 
several  of  which  may  be  growing  simultaneously,  the  growth 
of  the  stem  as  a  whole  will  stand  in  the  same  relation  to  the 
growth  of  its  constituent  Intemodes,  as  the  growth  of  the 
internodes  does  tu  that  of  their  constituent  zones. 
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Another  point  worthy  of  note  is  that  the  duration  of 
oTOWth  and  the  mean  rate  of  growth  is  not  necessarily  the 
same  for  all  internodes.    It  has  been  observed  in  many  cases 
that  the  internodes  first  formed  in  a  growing- season  are 
shorter  than  those  formed  somewhat  later,  and  that  those 
which  are  formed  towards  the  end  of  the  season  are  a^^n 
short.    These  differences  in  length  are  the  expression  of 
differences  in  the  energy  of  growth  of  the  internodes  ;  the 
longer  the  intcrnode,  tlic  greater  its  energy  of  j^rowth  :  and 
since  the  length  of  the  internode  is  the  product  of  the  mean 
rate  of  growth  multiplied  by  the  units  of  time,  differences  in 
the  energy  of  growth  find  their  expression  either  in  greater 
or  less  rapidity  of  growth,  or  in  longer  or  shorter  grand 
periods. 

The  errand  period  of  growth  may  be  conveniently  repre- 
sented by  curves  constructed  with  units  of  time  as  abscissa: 
and  units  of  increment  in  length  as  ordinates.  If  the  cur\'e 
for  any  organ  be  constructed  from  measurements  made  at  long 
intervals,  say  of  24  hours,  the  outline  of  the  curve  will  be 
tolerably  even :  but  if  it  be  constructed  from  measurements 
made  at  short  intervals,  the  outline  of  the  curve  will  be  found 
to  be  very  irregular,  and  the  irregularity  will  be  the  greater 
the  shorter  the  intervals  at  which  the  measurements  are 
made.  These  irregularities  are  to  be  ascribed,  to  some  ex- 
tent, to  variations  in  tlvc  external  conditions,  to  variations  of 
temperature,  in  intensity  of  illumination,  etc ;  these  we  shall 
subsequently  consider  in  detail  under  the  head  of  the  Daily 
Periodicity  of  Growth.  But  man}-  of  them  cannot  be  thus 
accounted  for,  and  tliese  iiiu>t  be  regarded  as  due  to  varia- 
tions in  the  rate  of  growth  which  are  dependent  upon  con- 
ditions inherent  in  the  organ.  Sachs  was  tlie  first  to  draw 
attention  to  these  irregularities  in  the  curve  of  the  grand 
period,,  and  he  termed  them  "  stossweise  Aendeningen.** 

In  illustration  of  these  irregular  spontaneous  variations 
the  following  instances  may  be  mentioned. 

Baranetzk\%  in  his  researches  on  the  growth  in  length  of 
stems,  kept  \arious  plants  for  sf>me  da\'s  in  darkness  at  as 
nearly  as  possible  a  constant  temperature,  and  made  hourly 
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measurements.  He  found  that  in  the  course  of  their  growth 
irregular  periods  (indicated  by  the  occurrence  of  maxima) 
oocnmd:  thus  in  plants  of  Gesneria  tubifiora  the  period 
usually  extended  over  2 — 4,  and  sometimes  over  6—8  hours« 
and  in  some  etiolated  plants  of  Brassica  Rapm  he  detected 
a  fairly  ic^^Lil  ir  c]a;l\'  i)ciiud  in  the  growth  of  the  stems,  the 
maximum  uccun  iug  once  in  every  24  hours  at  approximately 
the  same  time  for  each  particular  plant. 

Drude. studied  the  growth  of  the  leaves  of  Victoria  regia. 
In  consequence  of  the  great  rapidity  of  growth  he  was  able 
to  make  an  observation  every  five  minutes  ;  hence  his  results 
exhibit  very  clearly  the  frequency  and  the  extent  of  the  spon- 
taneous irregular  variations  in  the  rate  of  growth. 

The  following  are  examples  of  Dnide*s  observations :  they  bc^n  at 
11  p.m.  on  Aug.  4  and  extend  to  i  a.m.  on  August  5 :  the  temperature 
bod)  of  Che  water  and  of  the  air  varied  scarcely  at  all  during  the  ttmev 
And  the  plant  was  exposed  to  candle-light :  the  measurements  refer  to 
tbe  growth  of  the  petiole  only,  and  are  in  millimetres. 
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In  our  consideration  of  growth  of  lengthy  we  have  hitherto 
tacitly  assumed  that  all  the  cells  which  constitute  any  given 
transverse  zone  of  a  growing  organ  are  growing  with  the 
mne  rapidity  at  any  given  moment.  But  this  is  by  no  means 
always  the  case.    In  organs  which  grow  rapidl}-  tlie  rate  of 
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pjrowth  of  the  cells  lying  at  the  same  level  is  commonly  not 
uniform.  These  variations  in  the  rate  of  growth  are,  like 
those  which  we  have  akeady  considered,  spontaneous:  they 
take  place  when  the  external  conditions  are  maintained  as 
constant  as  possible,  for  example,  when  temperature  does  not 
vary  and  the  plant  i^j  kept  in  darkness. 

The  effect  of  these  variations  upun  the  direction  of  grow  th 
of  an  organ  will  be  made  clear  by  the  following  considera- 
tions. As  the  result  of  its  growth,  eveiy  oigan  takes  up  a 
certain  definite  position.  A  straight  line  running  through  the 
axis  of  the  organ  from  its  base  to  its  apex  will  indicate  the 
direction  in  whtdi  its  growth  in  length  has  taken  place.  If, 
during  the  whole  period  of  the  growth  of  an  organ  the 
growth  of  each  transverse  zone  is  uniform  throughout  its 
whole  extent,  a  line  cUa>wn  through  the  axis  of  the  growing 
portion  will  at  all  times  coincide  with  the  prolongation  of  the 
line  drawn  through  the  aids  of  tiie  portion  which  has  ceased 
to  grow.  But  Ifi  in  one  or  more  zones,  the  growth  of  one 
portion  be  greater  for  any  time  than  that  of  the  remainder, 
the  line  drawn  through  the  axis  of  the  growing  portion  will 
not  at  that  time  coincide  with  the  prolongation  of  the  line 
drawn  through  the  axis  of  the  portion  which  has  ceased  to 
grow,  but  will  at  some  point  form  an  angle  with  it.  This 
deviation  of  the  two  lines  constitutes  the  NutaiioH  of  the' 
oi^an,  and  the  extent  of  the  nutation  is  measured  by  the 
size  of  the  angle  at  the  point  of  intersection  of  the  two  lines. 
Let  us,  to  illustrate  these  statements,  take  the  case  of  an 
^rect  growing  stem«  A  line  drawn  through  the  axis  of  that 
portion^  of  the  stem  which  has  ceased  to  grow,  is  vertical.  If 
all  the  transverse  zones  of  the  growing  portion  are  growing 
ait  a  uniform  rate  thuoughout  their  whole  extent,  the  tine 
drawn  through  the  axis  of  the  growing  portion  will  also  be 
vertical.  But  if  certain  portions  of  one  or  more  zones  lying 
together  at  one  side  are  growing  more  rapidly  than  the  re- 
maining portions,  the  apex  of  the  stem  will  be  tilted  out  of 
the  vertical  away  from  the  side  on  which  growth  is  most 
active,  and  hence  the  lines  drawn  respectively  through  the 
axes  of  the  parts  of  the  stem  which  have  and  have  not  <;eased 
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to  g^row  will  form  an  angle  at  a  point  in  the  region  in  which 
tKe  unequal  growth  is  taking  place. 

Coming  now  to  the  actual  phenomena  of  nutation^  we  find 
tHat  it  presents  itself  in  different  forms,  the  form  being  de- 
pendent upon  the  peculiar  organisaiiuii  of  the  plant  which  we 
may  attempt  to  explain  in  tlie  following  manner.    The  sim- 
plest form  of  nutation  is  that  in  which  the  axis  of  the  growing 
portion  travels  in  one  plane  from  one  side  to  the  other  of 
the  prolongation  of  the  axis  of  the  portion  which  has  ceased 
to  grow,  forming  an  angle  with  it  first  on  this  side  and  then 
on  that.    It  is  this  form  of  nutation  which  is  usually  termed 
Simple  Nutation,  or  merely  NaitiUon.    It  is  produced  by  the 
alternate  and  more  rapid  growth  of  two  opposite  longitudniai 
halves  of  the  growing  region  of  the  organ,  the  two  longitu- 
dinal halves  occupying  permanently  the  same  relative  posi- 
tions. A  more  complex  form  of  nutation  is  that  which  Is 
known  as  Revolving  Nutation,    In  this,  the  axis  of  the 
growing  portion  does  not  oscillate  from  side  to  side  of  the 
prolon^^ation  of  the  axis  of  the  portion  which  has  ceased  to 
grow,  but  describes  an  orbit  about  it.    This,  like  simple 
nutation,  is  produced  by  the  more  rapid  growth  of  one  side 
of  the  organ  as  compared  with  that  of  the  side  opposite  to 
it,  but  the  diflferences  in  the  rapidity  of  growth  are  not  con- 
fined in  this  case  to  two  parlicular  sides.    A  wave  of  more 
rapid  growtli  travels,  as  it  were,  round  the  growing  organ 
from  s^ment  to  segment.    Let  us  take  illustrative  cases. 
A  growing  organ  exhibits  simple  nutation  in  any  one  plane, 
say  a  plane  running  east  and  west;  this  is  due  to  the 
alternate  more  rapid  growth  of  the  west  and  east  sides  of 
the  or^an,  and  the  differences  in  the  rate  of  growth  are 
exhibited  only  by  these  two  sides.     In  an  organ  which 
exhibits  revolving  nutation,  the  nutation  is  not  confined  to 
any  one  plane,  but  takes  place  from  east  to  west,  from  north 
to  south,  and  in  all  intermediate  planes  as  well ;  all  sides  take 
on  in  succession  a  period  of  most  rapid  growth. 

According  to  Barauct^ky  revolving  nutation  is  not  spontaneous  Init 
is  iaduceU  by  the  action  of  gravity.   Stems  which  arc  withdrawn  from 
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the  aclion  of  gravity  exhibit  only  some  form  of  simple  or  undulating  (see 
t/i/hx)  nutation. 

We  will  now  discuss  the  fonn  of  the  orbit  described 
b^  the  apex  of  a  growing  organ  which  exhibits  revolving 
nutation.   The  form  of  the  orbit  depends  upon  two  factors: 

first,  upon  the  form  of  the  outline  (as  seen  in  transverse 
section)  of  the  growini^  orphan  :  secondly,  upon  the  relative 
rapidity  and  duration  of  the  more  active  growtli  attained 
in  succession  by  the  various  segmentSb  If  the  increased 
rapidity  of  growth  attained  by  each  segment,  and  the  time 
of  duration  of  this  more  rapid  growth,  be  the  same  for  all, 
it  is  clear  that  the  form  of  the  orbit  will  be  determined  by 
the  form  of  the  transverse  section  of  the  region  in  which 
the  unetiual  L,M  o\vth  is  taking  place :  for  instance,  if,  as  is 
very  commonly  the  case,  the  transverse  section  of  the  organ 
is  approximately  circular,  then  the  form  of  the  orbit  will 
be  approximately  circular.  But  if  one  or  more  of  the  seg« 
ments  attain  a  greater  rapidity  of  growth  than  is  attained 
by  the  others,  or  if  the  duration  of  the  period  of  more 
rapid  growtli  is  lon^rer  in  some  segments  tlian  in  olhci^,  ilicn 
the  form  of  the  orbit  will  not  correspond  to  the  outUne  of 
a  transverse  section  of  the  organ,  but  will  deviate  more  or 
less  from  it  These  factors  cooperate  to  produce  the  different 
forms  of  the  orbit  which  vary  from  the  circular,  in  which  all 
diameters  are  equal,  to  forms  in  which  the  longest  diameter  is 
very  much  greater  than  the  shortest,  to  forms,  that  is,  which 
approximate  to  a  straii^ht  line.  We  sec  then  that  wc  have 
all  intermediate  forms  of  orbit,  from  the  straight  line  in  simple 
nutation,  to  the  circular  which  is  the  most  perfect  expression 
of  revolving  nutation.  It  Is  because  of  the  existence  of  all 
these  intermediate  forms  that  Darwin  has  ceased  to  distin- 
guish between  "simple**  and  "revolving;"  nutation,  but  in- 
chides  all  these  phenomena  under  the  one  term  Circum- 
nutation. 

The  length  of  the  diameter  of  the  orbit  is  determined  by 
the  length  of  the  portion  of  the  growing  organ  which  inter- 
venes between  the  apex  and  the  region  of  nutation,  and  upon 
the  curvature  of  the  growing  portion.   For  instance,  Darwin 
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observed  in  the  case  of  a  Hop-plant,  that  the  Iciiglh  uf  the 
circiimnutating  portion  of  the  stem  was  about  15  inches,  and 
the  curvature  was  such  that  the  diameter  of  the  orbit  was 
19  inches;  in  the  case  of  a  plant  of  Ctrapigia  Gardnerii  the 
drcumnutating  stem,  31  inches  long,  was  nearly  horizontal, 
so  that  the  diameter  of  the  orbit  was  about  5  feet. 

We  have  dealt,  so  far,  with  those  phenomena  of  nutation 
wbicli  would  be  best  observed  by  looking  down  from  above 
upon  a  nutating  apex,  that  is,  with  the  horizontal  motion, 
and  we  have  therefore  spoken  as  if  the  orbit  lay  accurately 
in  one  plane.  We  must  remember,  however,  that  while  the 
apex  of  a  growing  organ  is  describing  its  orbit  it  is  also 
elongating,  that  it  has  also  a  vertical  motion ;  its  path  is  then 
such  that  the  orbit  does  not  lie  exactly  in  one  plane.  The 
path  described  by  the  apex  of  a  nutating  organ  will  of 
course  depend  upon  the  form  of  its  nutation.  The  apex  of 
an  organ  exhibiting  simple  nutation  will  trace  a  zig-zag  course 
about  the  prolongation  of  the  axis  of  the  portion  which  has 
ceased  to  grow,  whereas  that  of  an  organ  exhibiting  revolving 
nutation  will  trace  a  spiral  of  some  form.  In  the  latter  case 
the  direction  of  the  spiral  is  not  always  the  same :  in  some 
plants  (Hop,  ScyphantJius  clcgans,  Taifius  connuinisy  Lotikera 
brackypoda^  etc.)  the  direction  of  nutation  is  that  of  the 
sun,  or  of  the  hands  of  a  watch,  in  others  {Akebia  quinata^ 
Wistaria  ckimnsis^  Phaseolus  vulgaris^  Ceropegia  Gardnerii^ 
various  species  of  Convolvulaceae,  Aristolochia  gigas)  thedirec* 
tion  of  nutation  is  contrary  to  that  of  the  sun  or  of  the  hands 
of  a  watch. 

The  rate  at  which  the  orbit  is  described  varies  widely  in 
different  plants,  as  the  following  observations  made  by  Darwin 
will  shew: 
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and  further,  the  rate  is  not  uniform  for  any  given  plant  as  the 

above  tabic  shews.  The  variatiuns  in  the  rate  of  revolution  of 
any  one  plant  are  doubtless  to  be  attributed  to  some  extent 
to  variations  ia  external  conditions;  but  it  appears  from  L)ar- 
win's  observations  that  the  rate  of  revolution  is  geneially 
slower  at  the  commencement  of  circumautation  than  it  is  sub- 
sequently. 

The  following  diagram  will  serve  to  illustrate  circumiiutation.  The 
small  upper  circle  divided  into  segments  represents  an  ideal  transverse 


8 

Fig.  4f. 


section  of  ihc  region  of  nutation  of  a  stem  exhibiting  circunmui uiion. 
The  largo  circle  below  represents  the  orbit  of  circumnutation  as  seen 
from  above,  and  the  small  circles  upon  it  represent  different  positions  of 
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the  a]»ex  of  tlifi  fttem  la  its  orbk :  the  shaded  segment  in  each  of  the 
small  dides  serves  to  indicate  the  position  throughout  the  orbit  of  one 
and  the  same  side  of  the  stem :  the  small  circle  in  the  centre  of  the  orbit 
represents  the  position  of  the  apex  when  the  axis  of  the  growing  portion 
coincides  with  the  prolongation  of  the  axis  of  the  portion  which  has 
ceased  to  grow.  Let  ns  assume)  to  begin  with,  that  the  rate  of  growth 
is  muform  in  all  the  segments  of  the  transverse  section  of  the  growing 
region ;  the  position  of  the  apex  of  the  stem  at  this  time  is  indicated 
by  the  small  circle  about  the  centre  of  the  orbit.  But  let  us  suppose 
that  the  growth  in  length  is  not  uniform  and  that  a  portion  of  the 
growing  region,  segment  i  for  instance,  is  the  seat  of  the  most  rapid 
growth  ;  then,  as  explained  above,  segment  4,  which  is  opposite  to 
segment  i,  will  be  the  portion  which  is  j^rowing  in  length  at  the  slowest 
rate  :  the  effect  of  tins  unequal  growth  is  that  the  north  side  of  the  organ 
becomes  con\  cx  and  the  south  side  concave,  and  in  conscquenre  of  this 
curvature  the  apex  is  removed  from  its  first  position  to  a  position  which 
we  may  call  I.  The  wave  of  rapid  growth  then  travels  from  segment  i 
to  segment  2,  and  the  apex  travels  from  position  I  to  position  II ;  each 
pair  of  opposite  segments  exhibit  in  succession  a  kind  of  polarity,  such 
that  when  one  of  the  segments  is  growing  the  most  rapidly,  the  one 
diametrically  opposite  to  it  is  growing  the  least  rapidly  :  at  length 
segment  i  again  becomes  the  seat  of  the  most  rapid  growth  and  the 
apex  again  comes  to  lie  in  position  T. 

It  will  be  obser\-ed  that  the  shaded  segment  faces  towards  the  same 
side,  the  south,  in  all  positions  of  the  orbit.  This  illustrates  the  fact  that 
circumnuLaliun  is  not  accomj)  ini^  ti  by  any  twisting  of  the  organ  about 
its  own  axis.  In  iliis  case  tlie  direction  of  nutation  is  that  of  the  sun 
or  of  the  hands  of  a  watcb^  and  the  orbit  has  been  assumed  to  be  a 
circle. 

The  ntttatioti  of  a  growing  organ  is  the  more  conspicuous 
the  greater  its  activity  of  growth :  the  nutation  of  stems,  for 

instance,  is  more  marked  than  that  of  roots.  With  regard  to 
stems  it  must  be  remembered  that  since  several  internodcs 
may  be  growing  at  the  same  time,  they  may  be  also  nutating 
at  the  same  time.  Darwin  observed  in  the  plants  with  which 
he  experimented  that  two^  and  sometimes  three,  intemodes 
exhibited  drcumnutation  simultaneously.  But  it  by  no  means 
follows  that  they  nutate  s3mchronous1y;  on  the  contrary,  they 
do  not;  for,  as  we  have  seen,  the  rate  of  nutation  varies  with 
the  age  of  the  organ.  In  a  case  of  this  kind  the  movement 
of  the  apex  is  the  resultant  effect  of  the  nutation  of  the  inter- 
nodes  which  are  still  growing. 
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We  have  now  considered  spontaneous  irregularities  of 
growth  as  expressed  iu  nutation,  but  wc  have  by  no  means 
exhausted  the  subject.  Other  phenomena  belonging  to  the 
same  category  remain  to  be  considered.  It  has  long  been 
observed  that  in  bilaterally  symmetricai  organs  the  growth  of 
one  surface  of  the  ofgan  is,  for  a  considerable  time,  more 
active  than  that  of  the  other.  This  is  most  marked  in  those 
bilateral  organs  whicli  arc  also  dorsivcntral,  that  is,  organs  in 
which  the  two  surfaces  have  a  different  structure  and  are 
endowed  with  different  properties.  Thus,  in  ordinary  foliage- 
leaves,  which  are  characteristically  dorsiventral  organs,  the 
growth  of  the  dorsal  (usually  the  lower)  surface  of  the  leaf 
exceeds  at  first  and  for  a  considerable  time  that  of  the  ventral 
(upper),  so  tiutt  ihe  leaf  is  more  or  less  folded  up  U|)iui  \\s^A. 
It  is  in  consequence  of  this  that  the  young  leaves,  when  they 
are  developed  near  together  at  the  apex  of  a  shoot,  close  up  to 
form  a  bud;  and  it  is  also  to  this  that  the  drcinate  vernation  of 
many  leaves,  those  of  Ferns  for  example,  and  the  coiling  of 
the  young  tendrils  of  the  Cucurbitacez,  is  due.  It  is  only  at 
a  relatively  late  period  that  the  growth  of  the  other  surface 
becomes  the  more  active.  De  Vries  has  introduced  a  con- 
venient terminology  for  expressing  these  relations.  When 
the  dorsal  surface  is  the  one  which  is  growing  the  more 
actively,  the  organ  is  said  to  be  in  a  state  of  hyponasty;  when 
the  ventral,  the  organ  is  said  to  be  in  a  state  otipinasty. 

These  phenomena  are  clearly  allied  to  the  nutations  which 
we  have  already  studied.  The  cause  is  in  both  cases  the  same, 
namely,  the  unequal  rate  of  growth  of  opposite  sides  of  an 
organ.  The  difterence  is  this,  that  whereas  in  nutation  the 
relations  of  the  two  opposite  sides  are  frequently  reversed  in  the 
course  of  the  growth  of  the  oigan,  so  that  the  period  of  a  com- 
plete cyde  is  short,  in  hyponastic  and  epinastic  organs  the 
reversal  of  the  relations  between  the  two  sides  takes  place 
only  once  (foliaci^e-lcfivcs)  or  at  most  two  or  three  times  (sta- 
mens for  instance)  in  the  course  of  the  growth  of  the  organ,  so 
that  the  period  of  a  complete  cycle  is  very  long.  Hyponasty 
and  epinasty  are  simply  words  used  to  describe  a  very  slow 
form  of  nutation. 
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The  form  of  experiment  adopted  by  de  Vries  for  demonstrating 
hyponasly  anfl  epi nasty  was  as  foiiu^v^.  Petioles  and  midribs  ol  well- 
developed  but  biiil  growing  leaves,  freed  from  their  lamin.v,  and  bilateral 
shoots  which  had  been  previously  giowing  more  or  less  horizom  , 
were  lixed  vertically  with  their  basal  ends  in  wet  sand  and  were  kcpi 
in  the  dark.  The  position  with  relation  to  the  vertical  taken  up  by  the 
apex  after  some  time  afforded  an  indication  of  the  mode  of  growth  of  the 
ocgan.  The  most  commoD  result  was  that  the  apices  had  deviated  froin 
the  vertical  towards  the  lower  stir&ce  of  the  organ  in  consequence  nf  this 
soHace  having  become  concave;  in  some  cases  the  opposite  was  ob- 
served, that  is,  the  apices  curved  towards  the  normally  upper  surface. 
By  this  means  he  ascertained  that  nearly  all  leaves  and  parts  of  leaves 
(in  this  stage  of  development),  the  lateral  branches  of  inflorescences^  and 
many  horisontal  shoots^  were  epinastic,  and  that  some  lew  midribs  and 
many  horisontal  shoots  were  hyponastic. 

Other  spontaneous  irregularities  of  growth  allied  to  cpi- 
nasty  and  hyponasty  are  exhibited  by  organs  which  are  not 
bilaterally  but  radially  symmetrical,  and  which  subsequently 
exhibit  circumnuUttion.  In  seedlings  in  which  the  cotyledons 

are  epigean,  the  hypocotyledonary  portion  of  the  stem 
(hypocotyl),  as  described  by  Darwin,  is  strongly  arched  when 
it  escapes  from  the  seed-coats.  This  curvature  is  due  to  the 
more  rapid  growth  of  one  longitudinal  half  of  the  hypocotyl 
as  compared  with  that  of  the  other.  The  hypocotyl  gradually 
becomes'  straight  in  consequence  of  the  increasing  rapidity 
of  growth  of  the  side  which  was  originally  concave.  We 
cannot  properly  use  the  terms  "hyponasty**  and  "e]>iiia:5Ly 
in  these  cases,  for  the  hyp(3Cotyl  is  not  bilateral  lUit  we 
may  conventionally  regard  the  surface  which  is  at  first  con- 
cave as  the  anterior  or  ventral  surface^  and  term  its  period 
of  rapid  growth  epinasty:  similarly,  we  may  regard  the 
surface  which  is  at  first  convex  as  the  posterior  or  dorsal 
surface,  and  term  its  period  of  rapid  growth  hyponasty. 
On  this  convention  we  may  say  that  the  orii^inal  curvature 
of  the  hypocotyl  is  due  to  hyponasty,  and  its  subsequent 
straightening  to  epinasty. 

Similar  phenomena  are  exhibited  by  the  epicotyledonary 
portion  of  the  stem  (epicotyl)  of  seedlings.  This  is  also 
arched  as  it  breaks  through  the  ground,  and  the  curvature  is 
due,  as  in  the  hypocotyl,  to  the  fact  that  the  posterior  side 
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has  been  growing  more  rapidly  than  the  anterior.   Like  the 

hypocotyl,  the  epicotyl  subsequently  becomes  str  li-lit.  but 
not  so  directly.  In  the  first  place,  the  plumule  nutates.  The 
nutation  exhibits  itself  in  the  first  instance  as  a  simple  oscilla- 
tion in  one  plane,  the  effect  of  which  is  to  cause  variations  in 
the  angle  between  the  pendent  plumule  and  the  straight  portion 
of  the  epicotyl.  Thus  Wortmann  observed  in  seedlings  of 
Phaseolus  mulHfloms  that  the  plumule  hung  down  parallel  to 
the  straic^ht  erect  portion  of  the  epicotyl  so  that  the  angle 
between  them  (the  angle  of  nutation)  was  i 80" :  in  consequence 
of  the  temporary  more  rapid  growth  of  the  concave  side  the 
angle  was  then  diminished  to  90*  or  less,  increasing  again  to 
I  So*  in  consequence  of  the  subsequent  more  rapid  growth  of 
the  convex  side.  This  simple  nutation  in  one  plane  is  dearly 
manifested  only  so  long  as  the  epicotyl  is  prevented  from 
nutating  in  other  planes  by  the  cotyledons.  When  it  escapes 
from  between  the  cotyledons  the  alternate  more  rapid  growth, 
of  the  two  longitudinal  halves  manifests  itself  in  a  swa3nng^ 
movement  of  the  pendent  plumule  from  one  side  to  the  other 
so  that  it  describes  a  semicircle^  In  addition  to  this  movement 
of  nutation,  Wiesner  has  observed  that  at  an  early  stage  the 
anterior  side  of  the  epicotyl  begins  to  grow  mure  rapidly 
near  its  base  than  the  corresponding  portion  of  the  posterior 
side  (epinasty),  so  that  in  this  region  the  anterior  side  becomes 
convex.  The  whole  epicotyl  then  somewhat  resembles  an 
elongated  letter  S  in  form,  the  two  convex  portions  being 
the  regions  of  the  more  active  unilateral  growth  separated 
by  an  indifterent  zone,  as  Wiesner  terms  it,  in  which  the 
growth  of  the  two  sides  is  equal.  It  happens  not  unfre- 
quentiy  that  there  are  more  than  two  curvatures  in  one 
intemode,  and  they  may  exist  simultaneously  in  several  In- 
temodesy  so  that  the  form  of  the  whole  organ  is  more 
complicated.  This  exhibition  of  irregularity  of  growth 
Wiesner  terms  undulating  nutation.  In  the  course  of  the 
subsequent  growth  of  the  epicotyl,  the  lowxr  Lui\ature  first 
disappears  in  consequence  of  hyponasty,  and  then  the 
upper  in  consequence  of  cpinasty,  so  that  it  becomes 
straight 
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Wiesncr  gives  ilic  following  account  of  the  growth  in  length  of  the 
epicotyl  of  Phastolus  mul/i/lorus  from  its  first  tlcvelopmcnt  to  iis  ma- 
turity. As  it  exists  in  the  seed  n  is  short  (about  i  mm.)  and  straight. 
When  it  first  begins  to  grow  in  length,  its  grow  th  is  uniform  but  slow, 
and  longitudinal  cell-division  is  very  active.  It  then  begins  to  grow  more 
rapidly  and  becomes  curved  by  hyponasty ;  at  this  stage  cell-division  is 
less  active.  As  growth  proceeds  it  beccnnes  more  rapid,  and,  in  con- 
sequence of  epinasty  in  its  lower  par^  the  epicotyl  eidiibits  undulating 
notation,  ceU-divia^on  still  going  on.  Finally  the  epicotyl  becomes 
straight  and  cell-division  ceases :  at  this  stage  the  lapidity  of  growth  in 
length  Is  the  greatest,  but  it  gradually  diminishes  until  growth  ceases 
a]ti^;ether. 

It  infglit  be  suggested  that  the  nutations  of  hypocotyls 
and  epicotyls  are  induced  by  the  action  of  gravity,  that  is, 
that  they  are  not  spontaneous;  but  the  investigfations  of  Sachs, 

Wortmann,  and  Vochting,  have  shewn  that  the  nutatiuns  arc 
not  dcprndcnt  upon  c^ravitation,  for  they  arc  exhibited  by 
seedlings  which  are  made  to  revolve  slowly  round  a  horizontal 
axis,  so  that  the  action  of  gravity  is  uniform  on  all  sides. 

Finally,  with  regard  to  the  cause  of  the  grand  period.  We 
have  already  (p.  292)  laid  stress  on  the  dependence  of  growth 
upon  destructive  metabolism,  and  it  has  also  been  pointed 
out  (p.  196)  that  in  growing  organs  destructive  metabolism,  as 
estimated  by  respiration,  is  very  active.  The  grand  period 
of  growth  is  probably  to  be  regarded  as  the  expression  of  a 
corresponding  grand  period  of  destructive  metabolism  in  the 
growing  organ.  Mayer  has  in  fact  found  that  the  grand 
curve  of  pfrowth  in  seedlings  runs  nearly  parallel  with  the 
cui  vc  of  the  absorption  of  oxygen  by  them. 

The  influence  oi  external  conditions  upon  growing  organs 
will  be  considered  in  the  next  two  or  three  lectures. 
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liUUrABILlTV. 

It  was  pointed  out  in  the  first  lecture  (p^  7)  that,  amongst 
other  fundamental  properties,  the  protoplasm  of  plants  Is 
endowed  with  that  of  Irritahiiity,  a  certain  sensitiveness,  that 

is,  to  the  influence  of  external  agents,  and  we  have  since 
learned  (p.  301)  to  regard  movement  as  one  manifestation  of 
this  irritability. 

In  dealing  now  more  fully  with  the  influence  of  external 
agents  in  inducing  or  preventing  movement,  or  in  modifying 
either  the  rapidity  or  the  direction  of  any  movement  which 
the  organ  may  be  already  performing,  we  must  clearly  dis- 
tinguish their  influence  as  merely  normal  conditions,  upon  the 
proper  combination  of  wliich  the  possibility  of  any  manifesta- 
tion of  irritability  depends,  and  their  direct  action  upon  the 
protoplasm  in  inducing  or  arresting  movement;  the  former 
we  will  speak  of  as  the  tonic  influence  of  external  conditions, 
the  latter  as  the  stimulating  action  of  external  agents. 

In  endeavouring  to  make  clear  the  difference  between 
tonic  iiifluencc  and  stimulating  action  \vc  must,  in  the  first 
place,  form  some  idea  of  the  internal  conditions  of  move- 
ment. We  have  seen  (p.  302)  that  a  movement  can  only 
take  place  when  there  is  present  in  the  protoplasm  of  the 
organ  a  supply  of  readily  decomposable  material  by  the 
decomposition  of  which  tiie  necessary  energy  is  evolved. 
Without  entering  at  present  upon  a  detailed  discussion  of  the 
mechanism  of  movements,  we  may  go  on  to  state  that  this 
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evolution  of  energy  is  accompanied  b}'  a  change  in  form  of 
the  protoplasm,  and  that  the  performance  of  a  movement  by 
an  Ofgan  is  the  exteroal  expression  of  a  change  in  form  of 
the  protoplasm  of  some  or  all  of  its  cells.  We  can,  in  fact» 
only  obtain  satisfactoiy  evidence  of  the  existence  of  irritability 
in  organs  which  are  so  constructed  that  they  can  respond  by 
movements  to  changes  in  the  form  of  the  protoplasm  of  their 
cells.  Such  are  growing  organs,  and  organs,  the  motile  organs 
par  excellatcCf  which  retain,  after  they  have  ceased  to  grow, 
such  a  structure  that  movement  is  possible  to  them.  But  we 
must  be  careful  not  to  assume  that  irritability  is  restricted  to 
growing  and  to  motile  organs.  For  all  we  know  to  the  con- 
trary, it  is  possessed  by  the  protoplasm  of  all  plant-organs, 
and,  if  in  any  case  the  action  of  a  stimulus  is  not  followed 
by  a  responsive  movement,  wc  must,  before  we  assume  the 
absence  of  irritability,  assure  ourselves  that  the  structure  of 
the  oigan  is  such  that  a  movement  is  a  mechanical  possibility 
(P-  34i)- 

Movement,  then,  depends  essentially  upon  the  irritability 

and  motility  of  the  protoplasm,  and  it  is  upon  these  properties 
that  external  conditions  exert  their  tonic  influence  and  thus 
affect  movement.  Under  the  most  favourable  external  con- 
ditions the  evolution  of  energy  and  the  concomitant  change 
in  form  of  the  protoplasm  take  place  most  actively,  and  move- 
ment follows ;  but  any  variation  in  these  conditions  will  induce 
retardation  or  arrest  of  movement,  the  retarding  effect  being 
atliibutable  either  to  a  diminished  evolution  of  energ\%  or  to 
a  diminished  motility  of  the  protoplasm.  To  take  a  single 
illustration.  We  have  seen  (p.  293)  that  growth  takes  place 
with  greatest  rapidity  at  a  certain  optimum  temperature,  and 
that  at  temperatures  either  above  or  below  this  temperature 
the  rapidity  of  growth  is  perceptibly  less,  and  that  at  extreme 
temperatures  growth  is  altogether  arrested. 

We  pass  now  to  consider  the  stimulating  action  of  external 
agents.  Movements,  wc  have  seen,  are  either  spontaneous  or 
induced.  With  regard  to  the  former,  we  have  ascribed  them 
(p.  301)  to  the  action  of  internal  stimuli,  but  we  may  perhaps 
account  for  them  more  simply  and  geneiaily  by  i^erring 
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them  to  the  spontaneous  decomposition  of  the  decomposable 
substance,  without  assuming  the   intervention   of  internal 
stimuli.    In  any  case  they  are  the  expression  of  what  we 
bave  termed  the  automatism  of  the  organism  (p.  7).  With 
regard  to  the  stimulating  effect  of  an  extemad  agent,  we 
may,  taking  the  above  view  of  the  intimate  cause  of  spon- 
taneous movement  as  a  basis,  account  for  it  thus,  that  it 
precipitates  the  spontaneous  decomposition  of  the  decom- 
posable substance  which  the  irritable  protoplasm  contains, 
and  thus  determines  an  evolution  of  eneigy  which,  provided 
that  the  anatomical  structure  of  the  organ  permits,  finds  its 
external  expression  in  a  movement   This  mode  of  regarding 
the  action  of  an  external  stimulus  enables  us  to  understand 
how  it  ib  tli.it  the  energy  evolved  in  consequence  of  its  action 
is  incommensurately  greater  than  the  energy  of  the  stimulus. 
The  relation  may  be  illustrated  by  comparing  the  force 
exerted  in  pulling  the  trigger  of  a  rifle  with  the  momentum 
of  the  travelling  bullet. 

In  some  cases  the  effect  of  a  stimulus  appears  to  be  that 
It  arrests  movement.  It  will  be  shewn  in  detail  later  in  the 
course  that  spontaiicuus  moveiiu  iit  is  arrested  by  stinuiiatiun, 
but  it  is  nevertheless  true  that  stimulation  induces  move- 
ment. The  immediate  effect  of  stimulation  in  such  a  case  is 
to  induce  a  change  of  form  in  the  protoplasm  of  the  cell  or 
cells,  with  the  further  effect  that  the  recovery  of  irritability  is 
much  prolonged,  the  more  so  the  stronger  the  stimulus  has 
been.  It  is  for  this  reason  that  when  an  organ  exhibiting 
spontaneous  m  ovements  is  stimulated,  its  movements  will 
cease  for  some  time. 

There  is  this  general  peculiarity  to  be  noted  in  the  relation 
of  motile  oigans  to  changes  in  the  tonic  conditions,  or  to  the 
stimulating  action  of  external  agents,  namely,  that  the  effect 
induced  is  not  immediately  manifested.  For  instance,  if, 
under  a  certain  combination  of  external  conditions  an  organ 
is  growing  with  a  certain  rapidity,  and  the  external  conditions 
be  so  changed  as  to  involve  a  slower  or  a  faster  rate  of  growth, 
the  change  in  the  rate  of  growth  will  not  coincide  in  point  of 
time  with  the  change  in  the  external  conditions,  but  the 
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previous  rate  of  growth  will  be  maintained  for  a  longfer  or 

shorter  time  before  the  organ  accommodates  itself  to  the  new 
conditions.  The  same  is  true  of  stimulation:  a  movement  is 
not  immediately  produced  by  the  action  of  a  stimulus^  but 
there  intervenes  between  the  action  and  the  response  a  longer 
or  shorter  "  latent  period/'  which  is  of  course  extremely  short 
when  compared  with  the  corresponding  period  in  the  response 
to  a  change  in  the  tonic  conditions. 

The  degree  of  general  irritability  is  by  no  means  unirorm 
among  plants.  We  shall  hereafter  meet  with  the  greatest 
possible  diaerences  in  this  respect,  some  plant-oi^ns  betn^ 
scarcely  at  all  sensitive  to  the  action  of  any  external  agents 
whereas  others  are  highly  sensitive  to  all.  Again,  a  plant- 
organ  is  not  necessarily  equally  sensitive  to  the  action  of 
different  agents ;  we  may  jicrhaps  most  readily  form  a 
satisfactory  conception  of  this  by  ascribing  to  the  organ  a 
*'  specific  irritability  "  with  regard  to  each  agent,  this  specific 
irritabiUty  being  in  some  cases  relatively  considerable  and 
in  others  relatively  slight 

With  r^rd  to  the  distribution  of  irritability  In  a  plant- 
organ,  the  sensitiveness  to  llic  action  of  a  stimulus  may  be 
possessed  equally  by  all  parts,  or  it  may  be  localised  in  some 
particular  part,  or,  again,  it  may  be  possessed  in  unequal 
degrees  by  different  parts.  It  is  not  necessarily  the  case  that 
the  irritable  region  of  the  oigan  is  also  that  part  of  it  by 
which  the  responsive  movement  is  performed,  but  the  irritable 
and  motile  regions  may  be  more  or  less  widely  separated. 
When  this  is  the  case  there  must  evidently  be  some  means  of 
communication  between  them,  so  that  the  effect  produced  in 
the  irritable  region  by  the  action  of  the  stimulus  may  be 
transmitted  to  the  motile  region.  This  communication  is  set 
up  most  probably  by  means  of  the  delicate  filaments  which, 
as  mentioned  in  a  previous  lecture  (p.  23),  have  been  found  in 
many  cases  to  connect  the  protoplasm-bodies  of  adjacent  cells. 
We  will  return  to  this  subject  and  discuss  it  more  fully  in  a 
subsequent  lecture. 

It  will  be  convenient  to  classify  the  movements  of  plant- 
organs  in  the  manner  suggested  above,  into,  namely,  the 


Digitized  by  Google 


IRRITABILITY, 


375 


movements  of  growing  organs,  and  the  movements  of  mature 
motile  organs.  It  must  not,  however,  be  supposed  that  this 
classification  is  anything  more  than  a  matter  of  convenience. 
There  is  no  fundamental  difference  between  the  movements  of 
growing'  and  of  mature  organs;  on  the  contrary,  they  are 
essentially  similar.  But  there  is  this  distinction,  that  whereas 
the  position  assumed  by  a  growing  organ  in  consequence  of  a 
movement  may  be  rendered  permanent  and  irreversible  by 
growth,  the  position  assumed  by  a  mature  motile  organ  in 
consequence  of  a  movement  is  never  thus  rendered  permanent 
but  may  be  changed  and  reassumed  an  indefinite  number 
of  times. 


L   TAe  Irritability  of  Grwufing  Organs* 

We  may  r^^afd  growth  as  a  slow  movement  spontaneously 
performed  by  the  growing  organ.  The  effect  of  the  action  of 
an  external  agent  upon  a  growing  organ  is  to  change  either 

the  rate  or  the  direction  of  this  movement.  Coiiiining  our- 
selv'es  for  the  present  to  the  consideration  of  changes  in  the 
rate  of  growth,  we  will,  before  discussing  the  influence  of  ex- 
ternal conditions  in  inducing  them,  enumerate  the  variations 
which  spontaneously  occur.  In  the  last  lecture  we  found  that 
the  rate  of  growth  of  organs  presents  spontaneous  trregular 
variations  (stossweise  Aenderungen,  p.  358),  as  well  as  the 
spontaiicuus  regular  variations  which  constitute  the  grand 
period.  These  spontaneous  variations  in  rapidity  may  be 
ascribed  to  variations  in  the  evolution  of  energy  upon  which 
growth  depends  (pu  292}^  or  to  variations  in  the  conditions 
upon  which»  as  we  have  seen  (pp.  40, 335),  the  turgidity  which 
is  essential  to  the  growth  of  cells  depends ;  for  instance,  to 
variations  in  the  osmotic  properties  of  the  cell-sap,  in  tiic 
physical  properties  of  the  primordial  utricle,  or,  finally,  in 
those  of  the  cell-wall.  We  found,  hailicr,  that  the  rate  of 
growth  is  usually  not  uniform  in  all  parts  of  the  transverse 
growing  zones,  so  that  the  growth  in  length  of  an  organ 
rarely,  if  ever,  takes  place  in  a  straight  line,  but  that  its  apex 
nuUtes,  This  nutation  we  found  to  be  due  to  spontaneous 
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variations  in  the  relative  rate  of  growth  of  opposite  sides  of 
the  organ,  or,  to  express  it  in  a  single  word,  to  spuntancous 
heUraux€Sis,  This  hcterauxesis  may  be  accounted  for  in  tl;c 
same  way  as  th^  irregularities  in  the  rate  of  growth  in  length 
of  the  organ  as  a  whole.  If  the  evolution  of  energy  be 
equally  active  in  all  the  cells  of  any  given  transverse  zone 
of  a  growing  organ,  and  if  the  mechanical  conditions  be  the 
same  in  all,  they  will  all  grow  at  the  same  iinilorni  rate,  and 
the  oi^an  will  not  exhibit  nutation,  but  its  apex  will  travel 
upward  in  a  straight  line.  When,  however,  these  conditions 
are  not  fuifiUed>  heterauxesis  takes  place  and  the  organ 
nutates. 

We  will  defer  for  the  present  a  discussion  of  the  intimate 

causes  of  spontaneous  hcterauxesis  and  will  pass  on  to  the 
consideration  of  the  influence  of  external  conditions  in  in- 
ducing variations  in  the  rate  of  growth.  We  have  already 
learned  incidentally  that  certain  external  conditions  have  an 
important  influence  upon  growth.  We  have  learned^  for 
instance  (p.  292),  that  aerobiotic  plants  do  not  grow  in  the 
absence  of  free  oxygen,  nor  anaerobiotic  plants  in  the  absence 
of  an  adequate  supply  of  fermentable  material.  We  hai'C 
ascertained  further  that  growth  will  only  go  on  within  certain 
limits  of  temperature  (p.  293),  and  hnally,  that  one  of  the 
essential  conditions  of  growth  of  an  organ  is  the  supply  of 
enough  water  to  maintain  the  growing  cell  or  cells  in  a  state 
of  tui^idity  (p.  335), 

Temperature. 

It  was  pointed  out  in  a  previous  lecture  (p.  293),  that  for 
each  plant  there  is  a  minimum  temperature  at  which  growth 
is  just  possible^  an  optimum  temperature  at  which  it  is  most 
active,  and  a  maximum  temperature  at  which  it  is  arrested. 

There  remain  to  be  noted  one  or  two  points  in  the  relations 
between  growth  and  temperature  which  we  shall  find  of 
importance  hereafter  when  we  come  to  consider  the  effect  of 
the  simultaneous  variation  of  several  external  conditions,  and 
seek  to  analyse  the  complex  result 
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The  hi  si  point  is  this  :  that  in  estimating  the  effect  of 
a  rise  of  temperature  upon  the  rate  of  growth,  it  must  be 
borne  in  mind  that  the  accelerating  effect  is  to  be  calculated, 
not  with  reference  to  the  zero-point  of  the  thermometer,  but 
from  the  ascertained  zero-point  or  minimum  temperature  for 
growth  of  the  plant.  Secondly,  the  acceleration  of  growth 
due  to  a  rise  of  temperature  between  the  minimum  and  the 
optimum  is  not  proportional  to  the  number  of  degrees,  but  is 
greater  for  each  degree  as  the  temperature  approaches  the 
optimum.  This  is  illustrated  by  the  figures  given  in  a  previous 
lecture  (p.  293). 

Temperature  influences  growth  in  this  way,  that  for  any 
given  degree  of  tempciature,  between  the  minimum  and  the 
maximum,  there  is  a  correspondiiifj  rate  of  growth.  But  in 
producing  this  effect,  temperature  does  not  act  as  a  stimulus : 
temperature,  as  sudk,  exercises  not  a  stimulating  influence, 
but  a  tonic  effect,  which  as  due  to  the  fact  that  the  manifesta- 
tion of  irritability  is  dependent  upon  temperature.  Growth, 
for  instance,  is  more  active  at  the  optimum  than  at  either  the 
nuninuaii  or  the  maximum  temperature  because  at  that 
temperature  the  necessary  evolution  of  energy  is  taking  place 
with  sufficient  activity  (p.  295),  and  the  protoplasm  is  pro- 
bably in  its  most  motile  state.  The  arrest  of  growth  at  a 
temperature  below  the  minimum  is  probably  to  be  ascribed 
to  an  insufficient  evolution  of  ener^>',  whereas  the  arrest  of 
growth  at  a  temperature  above  the  maximum  cannot  be 
ascribed  to  this  cause,  for  at  such  a  temperature  the  evolution 
of  energy,  as  estimated  by  the  activity  of  destructive  meta- 
bolism (p.  295),  is  very  considerable.  The  arrest  of  growth  in 
the  latter  case  can  only  be  accounted  for  by  ascribing  it  to 
an  arrest  of  the  motility  of  the  protoplasm.  The  relation 
between  tciiipeialure  and  the  manifestation  of  irritability 
{theniioionKs)  will  be  frequently  illustrated  hereafter. 

Variations  of  temperature  have,  however,  in  some  cases,  a 
sftmulaiif^  effect  From  his  researches  on  the  growth  of 
seedlings,  Koppen  came  to  the  conclusion  that  frequent  and 
considerable  variations  of  temperature  cause  a  retardation  of 
growth,  that  is,  that  the  growth  in  length  of  an  organ  in  a  given 
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time  is  smaller  wiien  the  temperature  is  made  to  var>'  fre- 
quently between  two  points,  than  when  it  is  constant  at  the 
mean  between  these  two  points.  But  Pedersen  has  foond 
that  this  is  not  the  case,  but  that  when  the  higher  tem- 
perature was  not  allowed  'to  exceed  the  optimum  by  many 
degfrees,  variations  of  temperature  produced  no  perceptible 
eficct  upon  the  growth  of  the  roots  with  which  he  experi- 
mented. Pfeffer  has  investigated  the  matter  with  regard  to 
leaves,  and  has  found  that  these,  too,  are  unaffected  in  their 
growth  by  variations  of  temperature.  But  in  his  researches 
on  the  opening  and  closing  of  flowers,  Pfeffer  found  that  in 
some  cases  the  perianth-leaves  were  very  highly  sentitive 
to  a  variation  of  temperature.  The  flowers  of  Croais  vemus 
and  of  Tulipa  Gesna  lana  opened  under  the  influence  of  a  rise 
of  temperature  and  closed  under  the  influence  of  a  fall.  This  i 
only  took  place,  however,  within  certain  limits  of  tempera- 
ture. In  Creeus  vemus^  for  example,  a  rise  of  temperature 
produced  no  opening-movement  until  a  certain  minimum 
temperature,  about  9*  C,  had  been  reached ;  at  a  relatively 
high  temperature,  about  27"  C,  llie  opening  ceased,  and  on  a 
further  rise,  at  28"6"  C,  closing  began  but  was  usually  incom- 
plete :  at  16' f  C.  all  movement  ceased  :  a  fall  of  temperature 
produced  in  all  cases  a  closing-movement. 

Pfeffer  clearly  established,  in  the  first  instance,  that  the 
opening  and  closing  of  flowers  is  a  phenomenon  of  growth, 
and  moreover  of  heterauxesis,  the  movement  being  due  in 
cither  case  to  the  unequal  growtli  of  the  two  surfaces  of  the 
dorsiventral  perianth-leaf.  This  heterauxesis  may  be  induced 
entirely  by  the  variations  of  temperature,  for  when  a  flower 
is  kept  in  darkness  and  at  a  constant  temperature,  it  does 
not  open  or  close.  The  relation  between  the  two  surfaces, 
during  opening  or  closing,  is  this,  that  only  the  one  side 
^ows  perceptibly;  thus,  in  opening,  the  upper  or  inner 
surface  grows,  whereas  the  lower  u  k  s  not  grow  at  all  or  only 
very  little,  and  conversely,  in  closing,  the  lower  or  outer 
suiface  grows  and  the  upper  scarcely  grows  at  alL  The 
dependence  of  these  movements  upon  the  stimulating  action 
of  -variations  of  temperature  has  been  clearly  brought  out  by 
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Pfeflfcr.  From  his  measurements  it  is  evident  that  each 
variation,  whether  it  be  a  rise  or  a  fall  of  temperature,  is 
followed  by  a  temporary  acceleration  of  the  mean  rate  of 
growth  of  the  perianth-leaf  as  a  whole ;  after  a  time  the  rate 
of  growth  adapts  itself  to  the  tonic  influence  of  the  tempera- 
ture, whether  it  be  higher  or  lower,  to  which  the  flower  has 
been  exposed. 

All  the  explanation  which  can  be  given  of  these  facts, 
without  venturing  on  speculation,  is  this ;  that  the  pcrianth* 
leaves  of  these  plants  are  so  constituted  that  they  respond  to 
the  stimulating  effect  of  a  rise  of  temperature  within  certain 
limits  by  an  accelerated  growth  of  the  upper  surface,  by  what 
we  may  term  induced  epinasty,  and  to  all  falls  of  tempcratuic, 
as  well  as  to  all  rises  above  the  upper  limit,  by  an  accelerated 
growth  of  the  lower  surface,  by  induced  hyponasty.  Unlike 
the>great  majority  of  plant  organs,  these  perianth-leaves  are 
endowed  with  a  specific  irritability  to  variations  of  tempera- 
ture, as  is  clearly  proved  by  the  fact  that  any  variation  of 
temperature  is  followed  by  an  acceleration  of  their  mean  rate 
of  growth.  That  this  acceleraLion  should  express  itself  in  the 
form  of  heterauxesis  we  may  probably  attribute  to  the  dorsi- 
ventraiity  (p.  366)  of  the  organs,  but  we  are  quite  unable  to 
account  for  the  fact  that  the  acceleration  due  to  a  rise  of 
temperature  should  particularly  and  constantly  affect  the 
upper  surface,  and  that  due  to  a  fall  of  temperature  should 
similarly  aflfect  the  lower  surface. 


Light. 

In  entering  upon  the  consideration  of  the  influence  of 

light  upon  the  rate  of  growth,  \vc  will  begin  by  enquiring  into 
the  fonte  influence  of  light,  that  is,  into  its  relation  to  the 
irritability  and  motility  of  the  protoplasm  of  growing  organs, 
and  we  will  then  go  on  to  study  the  stimulatU^  action  of 
variations  in  the  intensity  of  light,  and,  finally,  the  combined 
tonic  effect  of  light  and  of  temperature. 


^^^^y  T  nh- fnfi^*'-^^^^  ^-^  ^^^^   PAfl«i»iittf.    Tho  resjpt^ 
init  organ  to  the  action  of  a  stimulus,  by  an  a.It^*> 
of  a.  f^^V^j^^^  fiie  rate  or  direction  of  its  growth  depends,  as 
*'^have  aircad}'  icarned,  upon  two  conditions,  namely,  that 
proiopli^^i^^  sliould  be  irritable  and  motile,  and  that  the 
mechanical  structure  permits  of  the  movement  (p,  341).  hi 
some  cases^  organs^jiotably  dorsiventral  leaves,  cease  to 
cx \Mt  Irritabjlityj  ^pd  ia  jacTcease  to  grow  altogether,  \vhS 
they  are  kept  for  some  days  in  continuous  darkness.  On  be&i^ 
exposed  for  some  shorl  tiiiic  to  lig-ht  thcy^Tr^ain  tlieir  irrit^ 
bilit}-,  as  is  clearly  shew  n  by  flic  fAf^r  rhrtt-  rhpy  rhen  res|Hiqfi 
by  variations  in  their  rate  of  growth  to  variations  in  the  inteflr 
sity  of  the  light  to  which  they  are  exposed.   Similarly,  ex- 
posure to  light  of  great  intensity  induces  a  loss  of  irritability 
and  leads  to  the  arrest  of  growth.  ^Wiesner  has  found, 
example,  that  the  hcliofropic  enect  of  light  diminishes  when 
the  intensity  of  the  light  to  wliich  the  organ  is  exposed 
exceeds  a  certain  optimum  which  varies  with  the  plant,  and 
disappears  altogether  at  a  certain  maximum  intensity,  which 
may  be  either  somewhat  higher  or  lower  than  that  at  which 
growth  is-  arrested.    The  peculiar  condition  induced  by 
exposure  to  light  of  a  certain  intensity,  in  which  protoplasm 
is  cipable  ul  exhibitiiig  iriilabiUly,  has  been  called  by  Sachs 
Phototottus. 

We  may  conveniently  consider  here  the  general  question 
of  the  effect  of  continuous  darkness  and  of  subsequent  ex* 
posure  to  light  upon  the  development  of  plant-organs.  .One 
of  the  most  striking  features  presented  by  plants  win'ch  have 
l>een  grown  inHarkness  is  the  smallness  of  the  leaves.  This 
is  not  a  universal  rule,  by  any  means,  though  it  applies  in 
the  vast  majority  of  cases  when  the  leaves  are  dorsiventral. 
The  radial  or  bilateral  leaves  characteristic  of  many  Mono- 
cotyledons become  excessively  elongated  in  darkness,  just  as 
shoots  do,  but  their  breadth  is  diminished.  And  even  among 
dorsiventral  leaves  exceptions  occur ;  the  leaves  of  the  Beet, 
for  example,  alLain  a  considerable  size  in  darkness.  From 
Sachs'  observations  it  appears  that  leaves  which,  when  they 
unfold  under  normal  conditions,  become  fully  exposed  to  light 
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rci^  ^  comparatively  early  staq^c  in  their  development,  are  those 
which  are  most  affected  in  their  growth  by  continuous  dark- 
ness; whereas  those,  such  as  sheathing  leaves,  which  are 
naturally  protected  more  or  less  from  exposure  to  light  by 
others  investing  them,  attain  a  relatively  more  perfect  ex- 
pansion. 

The  radial  or  bilateral  leaves,  wc  have  said,  resemble 
internodes  in  that  they  become  excessively  elongated  in 
darkness,  and  the  question  naturally  arises  why  do  dorsi- 
ventral  leaves  behave  otherwise  ?  It  seems  that  growth  in 
breadth  is  in  all  casgg  hinflered  or_preyented  by'^arkn^ss^J' 
Not  only  do  dorsiventral  leaves  afford  examples  of  this,  but 
stems  also  :  for  example,  the  broad  leaf-like  internodes  of 
Cactaccas  such  as  Opuntia  are  developed  in  darkness  as 
slender  cylindrical  or  prismatic  structures. 

Several  explanations  of  the  remarkable  effect  of  the 
absence  of  light  in  diminishing  or  preventing  the  expansion 
of  leaf-blades  have  been  offered,  and  it  will  not  be  uninstruc- 
tive  to  consider  them.  ^  ^  ^ 

G.  Kraus  endeavoured  to  explain  it  by  his  well-known 
**  self-nutrition  "  theory  ;  he  ascribed  it  to  the  fact  that,  in 
darkness,  leaves  are  incapable  ofjlfidorming  one  of  the[rjnost 
important  functions,  namely,  the  construction  of  organic  sub-  ^ 
stance.  This  explanation  nas,  nowever,  been  shewn  to  be 
^q'liite  inadequate  by  the  observations  of  Batalin,  of  Rauwen- 
hoff,  of  Godlewski,  and  of  myself  As  a  matter  of  fact,  leaves 
continue  to  grow  when  they  are  placed  for  a  time  in  darknc.s, 
in  blue  light,  or  in  an  atmosphere  which  contains  no  carbon 
dioxide,  under  conditions,  that  is,  which  render  impossible  the 
normal  formation  of  oi^anic  substance  in  them. 

Batalin  suggested  as  a  possible  cause  of  the  smallness  of 
leaves  grown  in  darkness,  that  Jhejprocess  of  cell-division^  is 
arrested  under  these  circumstances.  But  this  suggestion  is 
shewn  to  be  valueless  by  the  fact  that  radial  or  bilateral  leaves 
grow  excessively  in  darkness, and  that  even  some  dorsiventral 
leaves  grow  considerably.  Further,  Prantl  ascertained  that 
the  average  number  of  cells  in  a  leaf  of  the  embryo  of 
Phaseolus,  whilst  still  in  the  seed,  was  343,  whereas  that  In 
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the  etiolated  leaf  of  a  seedling  varied  from  1375— 2571,  and 
in  the  normal  leaf  from  1429—2273.   These  figures  cleariy 

prove  that  cell-multiplication  by  division  takes  place  in  leaves 
in  darkness.  Thcjirrest  of  ^rmvth  is  not  due  to  a  <iimini«!^(v! 
formation  of  cells  in  the  leaf,  but  to  an^Jniteri>rrnrf^  wtih 
the  grotJrth_  of  the  "cells  for mcclr  JllTC  arrest  of  growth  may 
have,  however,  the  eHect  of  diminishing  the  activity  of  cell* 
division,  for  the  division  of  cells  is  dependent  upon  their 
growth. 

Other  observers,  such  as  Rzentkowsky,  Mer,  and  C.  Kraus, 
have  correlated  the  smallness  of  leaves  in  darkness  \vith_  the 
excessive  elongation  of  tjiejnternodcs  of  shoots,  and  regard 
{Eelatterlis  the  cause  of  the  forrncr.-  In  support  of  this  view 
those  cases  may  be  adduced  in  which»  as  in  the  Beet,  the 
leaves  are  fairly  well-developed  in  darkness  whilst  the  stem 
exhibits  no  excessive  elongation,  or  those,  such  as  Allium, 
Iris,  and  other  Monocotyledons,  in  which  the  leaves  become 
excessively  elongated  in  darkness  whilst  the  stem  does  not. 
But  the  converse  of  this  is  not  true,  namely,  that  excessiiccljL-^ 
elongated  stem  alwa^bear  very  small  leavoti  Jof  instancy 
according  to  Rauwenhoff,  the  shoot  of  FritUlaria  ifftfieriaUs 
becomes  excessively  elongated  in  darkness,  whereas  there  is 
no  corresponding  difference  in  size  bctw  een  the  leaves  of  an 
etiolated  and  of  a  normal  plant.  Again,  it  has  been  shewn 
by  Senebicr,  G.  Kraus,  and  Godlewski,  that  if  a  leaf-blade  be 
kept  in  darkness  whilst  the  rest  of  the  plant  is  exposed  to 
light  the  blade  remains  small,  though  it  is  true,  as  Sachs* 
observations  prove,  that  the  leaf-blade  may  attain  a  greater 
size  under  these  conditions  than  it  does  when  the  whole  plant 
is  kept  in  darkness.  It  may  be  indeed  admitled  that  the  ex- 
cessive consumption  of  plastic  material  in  the  rapid  growth  of 
the  stem,  tends,  when  the  store  is  limited,  to  affect  prejudicially 
I  the  growth  of  the  leaves.  Godlewski  has  in  fact  found,  in  the 
i  „  case  of  seedlings  of  the  Radish,  that  the  excessive  elongation 
of  the  hypocotyl  tends  to  diminish  the  development  of  the 
cotyledons.  But,  taking  all  the  facts  into  consideration,  the 
excessive  clon[_(ation  of  the  internodes  of  etiolated  plants 
cannot  be  accepted  as  the  cause  of  tlie  smallness  of  the  leaves, 
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though  it  must  be  taken  into  account  in  endeavouring  to 
explain  the  fact. 

Finally,  Prantl  ascribes  the  smaUness  of  the  leaves  to  an 
unhealthy  condition  induced  by  the  continuous  rlnrirnifiit;  he 
fe^aiOs  it,  lu  face,  as  a'  pathologtcal  phenomenon.  But  this  is 
no  explanation.  The  smallness  of  the  dorsi ventral  leaves  is 
not  inorc  of  a  pathological  phenomenon  than  the  excessive 
elon^^ation  of  the  intcrnodcs  ;  if  the  one  is  a  pathological 
phenomenon,  tlien  so  is  the  other.  And  why  should  radial 
or  bilateral  leaves  become  excessively  elongated  in  darkness  ? 
The  question  still  remains  why  unhealthiness  should  express 
itself,  in  the  one  case,  in  arrested  growth,  and  in  the  other,  in 
excessively  active  growth. 

We  shall  best  obtain,  not  perhaps  a  full  explanation,  but  a 
suggestive  insight  into  the  nature  of  this  phenomenon  by  a 
consideration  of  the  resumption  of  growth  under  the  influence  ^ f  ^ .  i 
of  light   Exposure  to  light,  as  mentioned  above2_restorssJi>^'  /' 
leaves  which  have  been  long  kept  in  darkness  the  condition  o£  f*. '  * 
phototonus  ;  it  enables  them  to  grow  and  to  respond  to  the 
stimulating  action  of  light  j  this  is  probably  also  true  with 
regard  to  their  power  of  responding  to  other  stimulating  agents. 
We  may  attribute,  then,  the  effect  of  prolonged  absence  of  light,  r 
or  of  exposure  to  too  intense  light,  like  the  effect  of  exposure 
to  extreme  temperatures,  to  a  destruction  of  either  the  Irrita- 
bility or  the  motility  of  the  protoplasm  of  the  growing  cells  ; 
probably  the  latter  is  the  more  important  factor  in  producing 
the  result.    We  cannot,  however,  in  any  way  account  for 
the  difference  of  behaviour  in  this  respect  between  stems  and 
leaves. 

Before  leaving  the  subject  we  may  briefly  notice  the  facts 
which  have  been  observed  with  regard  to  the  behaviour  of 

young  etiolated  leaves  on  their  exposure  to  light.  Dcinici 
foirrnfTli'at  on  exposing  young  etiolated  seedlings  of  Phascolus 
and  Cucurbita  for  short  periods  to  light  of  a  certain  intensity, 
they  resumed  their  grpwth  and  exhibited  distinct  •pinaaty. 
He  explains  this  by  assuming  that  light  induced  a  more  rapid 
growth  of  the  upper  surface,  and  he  speaks  of  this  induced 
epinasty  as  photo-epinasty.   It  must  be  remembered,  how- 
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ever,  that  all  >  oung  dorsiventral  leaves  are  epinastic  at  a 

certain  stage  in  their  development  (p.  366).  The  natural 
unst  rained  explanation  seems  to  be  that  the  leaves  were  in  the 
epinastic  stage  of  development,  and  that  when  they  resumed 
growth  under  the  tonic  influence  of  light  they  exhibited 
epinasty.  It  is  quite  possible  that,  if  exposed  to  light  at  the  I 
appropriate  stage  of  their  development,  leaves  would  similarly  | 
exhibit  a  "  photo-hyponasty." 

We  will  conclude  our  consideration  of  the  relation  of 
leaves  to  the  tonic  influence  of  light  with  a  brief  comparative 
account  of  their  structure  when  normal  and  etiolated.  In 
normal  leaves,  as  a  rule,  the  tissue  underlying  the  qkm|^o- 
logically  superior  (dorsal)  surface  of  the  leaf  consists  of  closely* 
packed  elongated  mesophyll-cells  so  placed  that  their  long 
axes  arc  at  right  an^^des  to  ihc  surface  ;  these  clUs,  of 
which  there  may  be  several  layers,  constitute  the  palHsade- 
parenchyma  (see  Fig.  13,  p.  70).  The  tissue  near  the  morpho- 
logically lower  (ventral)  surface  consists  of  irregular  loosely 
arranged  mesophyll-cell%  with  large  intercellular  spaces,  con- 
stituting the  spongy  parenchyma.  The  epidermis  of  the  lower 
surface  is  much  more  abundantly  supplied  with  stomata  than 
that  of  ihc  upper.  The  difference  of  structure  between  the 
two  surfaces  is  induced  by  light.  Stahl  has  shewn  that  the 
development  of  the  pallisade-parenchyma  is  alwaye  more 
marked  in  leaves  which  have  been  fully  exposed  to  the  sun 
than  in  those  which  have  grown  in  the  shade.  It  is  only 
when  the  leaf,  as  is  commonly  the  case,  lies  more  or  less  nearly 
hoi  izuiUall) ,  lliat  the  pallisadc-pareiichynia  is  developed  ex- 
clusively towards  the  upper  surface  ;  when,  as  is  sometimes 
the  case,  the  leaf-blade  lies  in  a  vertical  plane,  the  pallisade- 
parenchyma  is  almost  equally  developed  in  relation  with 
both  surfaces,  for  both  are  then  exposed  to  nearly  the  same 
illumination.  In  etiolated  leaves  the  differentiation  of  pal- 
lisade-parenchyma and  spongy  parenchyma  does  not  take 
place. 

Growth  in  continuous  darkness  leads  to  various  other 
important  modifications  in  the  general  habit  and  structure 
'  ,of  a  plant   In  illustration  of  this  let  us  consider  two  Potato- 
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shoots  which  have  grown  from  tubers,  the  one  under  normal 
conditions,  the  other  in  darkness.  We  are  first  struck  with 
the  difference  in  colour  between  the  two  shoots:  the  one 
which  has  grown  in  darkness,  the  etiolated  shoot,  has  a 
white  stem,  and  leaves_  whidi  j^e.  at  ^first  ])Inkiah,  owia^ito 
thepresencig"^  colouring-matters  in  the  sap  of  the  cells,  aijiJ 
.sub!^cqucntly_2?^^  yellow,  w  hilst  the  other,  the  normal  shoot, 
is  L;recn.  leaves  and  stem  ah'kc.  The  former  is  destitute  of 
chloroph^,  the  latter  possesses  it  (p.  262).  The  next"pDint  * 
ordiiference  is  in  the  length  and  thickness  of  the  intemodes 
of  the  stems,  those^f  the  etiolated  plant  being  much  longer 
and  moreL^sknder  than  those  of  the  normal  plant.  Further, 
the  angle  made  vvilii  ilie  main  stem  by  the  lateral  branches 
and  by  the  petioles  of  the  leaves  with  the  main  stem  is 
smaHe£ijni_tiie  etiolated  than  in  the  normal  shoot.  Finally, 
the  smallness  of  the  leaves  of  the  etiolated  shoot,  as  com- 
pared  with  those  of  the  normal  shoot,  attracts  our  attention, 
but,  as  we  have  already  fully  discussed  that  subject,  we  will 
now  confine  our  attention  to  the  intemodes. 

Shoots,  then,  differ  from  most  leaves  in  that  continuous 
darkness  does  .not  jarresl  .their  growth. But  excessive  elon- 
gation of  the  intemodes  is  not  always  exhibited  by  shoots 
which  have  g£own_  ijxj^igoi^anent,  darkness.  _It  is  exhibited 
"by  ihe'majority  of  shoots  which  are  adapted  for  growth 
in  length  under  the  normal  alternation  of  day  and  night. 
Some  shoots  of  this  kind  seem,  however,  as  Sachs  has  pointed 
out,  to  attain  their  maximum  of  elongation  under  normal 
conditions,  and  these  do  not  become  excessively  elongated 
when  they  grow  in  permanent  darkness.  As  instances  of 
such  "normally  etiolated"  shoots,  as  he  calls  them,  Sachs 
mentions  those  of  Dioscorea  Batatas  and  of  the  Hop.  Other 
shoots,  again,  which  have  no  natural  tendency  to  elongate 
when  growing  under  normal  conditions,  do  not  do  so  in 
darkness.  This  was  found  by  Sachs  to  be  the  case  in 
the  Beetroot  and  in  Cactus  sfeciasm;  the  etiolated  shoots 
of  the  latter  plant  had  in  fact  shorter  intemodes  than 
those  of  normal  shoots.  Shoots  which  are  not  adapted 
for  growth  in  length  under  the  normal  alternation  of  day 
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and  night  do  not  become  excessively  elongated  in  per- 

niancnt  darkness.  Sachs  has  observed,  ir>v  instance,  that 
tliis  is  the  case  in  the  hypocotyls  of  seedlings  having  hypo- 
gean  cotyledons. 

An  idea  of  ihe  relative  elongation  of  etiolated  and  of  normal  intcr- 
nodes  will  be  best  afforded  by  comparative  measurements.  The  follow- 
ing aic  Hum  Sachs. 

Normal.  Etiohfed, 

Hypocotyi  of  Polygonum  Fagopyrum      2 — 3      35 — 40  centim. 

„  „  Cui  itrbita  Pepo  3 — 4  40 — 50  „ 

Epicotyl    I,  rhaseoius  muU^rm  33         93  mUlioi. 

The  excc.vsivc  elongation  of  an  intcrnpde  is  by  no  means 
always  accompanied  by  a  dnninished  thickness.  Sachs, 
G.  Kraus,  and  others,  have  ob.*5eTved  nuBicfous  instances  in 
which  the  intemodes  of  etiolated  were  quite  as  thick  as  those  of 
normal  shoots.  Kraus  indeed  mentions  one  case  [Lupitms 
termts)  in  which  the  etiolated  hypocotyi  was  more  than  twice 
as  thick  as  a  normal  hypocotyi. 

We  will  now  endeavour  to  ascertain  the  cause  of  the  usual 
excessive  elongation  of  etiolated  internodes,  and  we  will 
enquire  first  into  the  structure  of  these  oigans.  It  has  long 
been  known  that,  as  a  rule  those  hbtological  elements,  such 
as  epidermal,  collenchymatous,  and  sclerenchymatous  cells, 
which,  in  a  nuiiiial  intcrnode,  have  thick  walls,  commonly 
hav^e  thin  walls  in  an  etiolated  internode.  Further,  the 
number  of  the  fibrovascular  bundles,  and  the  number  of 
the  cells  constituting  them,  is  commonly  smaller  in  the  latter 
than  in  the  former.  The  practical  importance  of  this  differ- 
ence in  structure  has  been  demonstrated  by  Koch,  who  has 
shewn  that  the  "laying"  of  Cereal  crops  is  due  to  the 
imperfect  development  of  the  tissues  of  the  stem,  and  that 
this  is  the  result  of  an  insufficient  exposure  to  light  in  con- 
sequence of  the  plants  being  too  close  together  (see  p.  137). 

The  accompuiying  figures,  due  to  Koch,  illustrate  to  some  extent  the 
histological  differences  between  an  internode  of  a  plrmt  grown  in  the 
light  and  that  of  one  grown  in  darkness.  In  this  particular  case  A  is 
a  transverse  section  of  an  internode  of  a  Rye-plant  grown  (uUy  eatposed 
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to  light ;  ^  is  a  section  of  the  corresponding  internode  of  a  "laid"  plant 
imperfectly  exposed  to  light. 


Fig.  4«  (after  Koch),  a,  epidermis;  b,  cortical  paiencfaynui;  ^,  sclerenchyma; 

dt  Tascnlar  tissttft 

It  has  been  found,  further,  by  Kraus,  Koch,  and  Rauwen- 
hoflr,that  the  epidermal  and  parenchymatous  cells  of  excessively 
elDQgajted  etiolated  internodes  ^-^  "inTh  '"ngrr  thin  thng»  gf  - 
the  corresQpnding  noun^l  internodes,  and  that  they  are  also 
raTTTer  jnogfe  imiTMrrouBi 

The  following  table,  taken  from  Rauwenhoffs  work,  illustrates  the 
relative  development  of  the  tissues  and  the  length  of  the  cells  in  normal 
and  etiolated  intemodes.   The  plant  used  was  Polygonum  cuspidahtm. 
The  numbers  represent  divisions  of  the  eye-piece  micrometer. 
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The  conclusion  arrived  at  by  observations  of  this  kind 
by  Kraus  and  by  Rauwenhoff  is  this,  that  the  excessive 
elongation  of  etiolated  internodes  is  due  to^rTexa^r^cra^Bd^ 
growth  of  the  parenchymatous  cells,  a  cqncJj,^ionj^\JiidiJbe_ 
facts  seem  fully  to  justify.  But  this  is  not  a  final  explanation, 
for  the  exai^L^cratcd  j^rowth  of  the  parenchymatous  cells  has 
yet  to  be  accounted  for. 

Kraus  attributes  this  exaggerated  growth  principally  to 
^'  the  thinness  of  the  walls  of  the  epidermal,  collenchymatouS) ' 
and  sclerenchymatoiis  cells,  in  consequence  of  which  they 
remain  extensible  and  oflfer  but  little  resbtance  to  the  elonga- 
tion of  the  parenchymatous  cells.  He  considers  that  an 
etiolated  internodc  remains  in  that  condition  which,  as  men- 
tioned in  a  prcvioub  lecture  (p,  346),  is  characteristic  of  very 
young  normal  internodes.  In  such  an  intemode,  it  will  be 
remembered,  the  parenchymatous  tissue  (pith)  does  not 
elongate  on  isolation,  but  the  other  tissues  shorten.  If  this  be 
iio,  then,  in  tlic  etiolated  as  in  ihc  young  normal  intcniodc, 
the  lonj^itudinal  tissue-tensiun  must  be  small  and  Kraus 
adduces  observations  which  shew  that  this  is,  sometimes  at 
least,  actually  the  case.  Again,  if  this  be  so,  then  internodes 
which,  when  grown  under  normal  conditions,  exhibit  longitu- 
dinal tissue-tension  in  a  high  degree,  should  be  especially 
remarkable  for  excessive  elongation  when  grown  in  continuous 
darkness.  Kraus  mentions  the  long  narrow  leaves  of  various 
Monocotyledons,  such  as  the  Onion,  the  Hyacinth*  the  Crocus, 
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etc.,  as  instances  of  organs  which  fulfil  these  conditions,  and 
he  also  brings  forward,  as  evidence  of  a  negative  character, 
his  observation  that  the  intemodes  of  Cucurbita  exhibit 

normally  only  a  very  slight  longitudinal  tension  and  that 
they  do  not  become  excessively  elonf^ated  in  darkness,  an 
observation  which  has  also  been  made  by  Rauwenhoff  in  the 
case  of  Ipomcea.  But  it  does  not  appear  that  the  longitudinal 
tissue-tension  is  always  small  in  etiolated  intemodes,  for 
Rauwenhoff  has  observed  an  evident  tension  in  etiolated 
intemodes  of  Phaseolus,  Fuchsia,  Rosa,  and  Polygonum,  and 
Sachs  mentions  that  he  has  often  observed  a  considerable 
tension  in  etiolated  intemodes.  It  would  rather  appear  that, 
in  etiolated,  as  in  normal  intemodes,  the  longitudinal  tissue- 
tension  varies  at  different  stages  of  growth,  though  perhaps 
not  precisely  in  the  same  way  in  the  two  cases.  It  is,  in  fact, 
impossible  to  understand  the  fact  brought  out  by  Rauwenhoff 
that  the  fibres  of  etiolated  intemodes  are  not  excessi\'cly 
elongated,  if  the  longitudinal  tissue-tension  remains  small 
during  the  whole  period  of  growth. 

With  regard  to  the  thinness,  in  etiolated  intemodes,  of  the 
walls  of  cells  which  have  thick  walls  in  normal  intemodes,  it 
must  be  pointed  out  that  neither  the  different  tissues,  nor 
different  stems,  behave  alike  in  this  respect.  All  observers 
aifree  in  stating  tli.it  the  epidermal  and  collenchymatous  cells 
have  relatively  thin  walls  in  etiolated  intemodes^  but  their 
statements  differ  with  regard  to  the  fibrous  and  vascular  cells. 
lCmus~andnR.auwenhoff  have  observed  that  the  walls  of  these 
cells  are  thin  in  etiolated  intemodes,  whereas  other  observers, 
notably  Batalin,  have  not  found  this  to  be  so.  It  may  be 
coiichicled  that  the  thinness  of  tlie  walls  is  more  conspicuous 
and  constant  in  the  case  of  epidermal  and  of  collenchymatous 
cells  than  in  that  of  fibrous  and  of  vascular  cells.  Kraus 
attributes  the  thinness  of  the  walls  to  the  fact  that  the  leaves 
ofTntemoiareFgrowing-tn  darkness  are  unable  to  manufacture 
the  "necessary  plastic  material  for  the  due  develoi)ment  of  the 
tissues.  It  may  be  admitted  that  if  this  material  is  not  forth- 
com mg' the  development  of  the  tissues  will  be  imperfect.  But 
it  must  be  remembered  that  such  differences  in  structure 
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are  exhibited  by  shoots  which  grow  from  rhizomes  and 
tubers,  and  which  arc  therefore  abundantly  supplied  with 
plastic  material.  It  might  be  suggested  that  the  thinness 
of  the  walls  is  due  to  the  excessive  growth  in  length  of  the 
cells..  This  explanation  may  be  of  some  value  as  regards 
epidermal  and  collcnchv  m.itous  cells  (sec  p.  337).  but  it  does 
not  seem  to  be  applicable  to  sclercnchymaious  cells,  for 
Rauwcnhoff  observed,  as  mentioned  above,  that  the  hard-bast 
fibres  of  an  etiolated  intemode  of  Polygonum  cuspidaium  were 
not  excessively  elongated,  and  yet  he  found  that  their  walls 
were  thin.  It  appears  that  light  has  some  dixiecLJiiflii£nce_ 
upon  the  thickening  of  cell-walls,  but  it  is  not  possible  at 
present  to  explain  the  naUirc^this  influence. 

It  cannot  be  denied  that  the  thinness  of  tHe^walls  of  these 
cells  which  normally  have  thick  walls  is  favourable  to  the 
elongation  of  the  parenchymatous  cells  of  an  etiolated  inter- 
node,  but  the  most  important  factor  in  their  excessive  elonga- 
tion is  their  own  more  active  growth  quite  apart  from  these 
mechanical  conditions.   Krrms  admits  that  the  proper  elonga- 
tion of  these  cells  is  of  importance,  but  he  maintains  that 
their  elongation  is  due,  not  to  a  true  growth  ol^l 
the  addition  of  solid  subatanoe.  but  merplvto  the  taku 
water  uito..then^    In  support  of  this  view  he  states  that 
the  pith  and  cortex  of  growing  intemodes  increase  in  weight 
in  consL([iicncc  of  an  increase  of  the  water  w  liich  their  cells 
contain  rather  than  in  consequence  of  an  addition  of  solid 
substance.   This  view  is,  however,  incorrect.    Karsten  had 
ahready  pointed  out  that  etiolated  seedlings  of  Pkaseobts 
muUiflorus  contain  as  much  cellulose  as  normal  seedlings 
of  the  same'  age,  and  Godlewski  has  since  found  by  com- 
parative analyses  of  the  hypocotyls  of  normal  (grown  in 
light  but  not  supplied  with  COJ  and  of  utiolated  seedlings 
of  Raphanus  that  the  total  dry  weight  of  organic  substance 
is  approximately  the  same  in  both.   It  is  true  that  he  finds 
that  the  h3^pocotyls  of  the  etiolated  seedlings  contain  pro- 
portionately more  water  than  those  of  the  normal  seedlings, 
but  the  fact  rcuKiias  that  the  amount  of  organic  substance 
built  up  into  tissue  is  about  tiie  same  in  both  cases.  The 
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parenchymatous  cellStJbpni  nf  ptiolntod  intcrnodoo  de-not 
merely  expand^ut  actually  ^row,    '^he  excess  of  water 
tn  cttelated  as  compared  with  normal  intcrnodes  is  doubtless 
attributcible  to  the  fact,  to  which  attention  has  been  already 
drawn  (p.  268),  that  the  cell-sap  of  the  former  is  richer  in 
organic  acids  than  that  of  the  latter.    In  view  of  the  osmotic 
activity  of  these  substances  (p.4iXit  may  be  inferred  that  the 
turgidity  of  the  cdls  is  ^eater  in  etiolated  than  in  normal 
Iftfernodes^  From  observations  made  in  his  laboratory,  by 
means  of  the  nu  tliod  of  plasmolysis,  on  normal  and  etiolated 
intcrnodes,  whicli  shew  that  the  amount  of  shortening  is  about 
the  same  in  both,  PfefTer  concludes  that  the  turgidity  is  the 
same  in  both.   It  must,  however,  be  borne  in  mind  that  the 
shortening  exhibited  by  an  organ  on  plasmolysis  is  simply 
the  expression  of  that  amount  of  elongation  of  the  cells  due 
to  the  hydrostatic  pressure  of  their  contents,  which  has  not 
yet  been  rendered  permanent  by  actual  growth.    Tt  is  quite 
possible  to  imagine  that  the  elongation  of  highly  turgid  cells 
might  be  so  rapidly  followed  up  and  rendered  permanent  by 
growth  that  an  intemode  would  shorten  scarcely  at  all  on 
plasmolysis.    What  PfefTer^s  observations  tend  to  prove  is 
that  the  elongation  of  the  cells  in  etiolated  intcrnodes  is 
rendered  pciiuanent  by  growth  more  rapidly  than  in  normal 
intcrnodes.    The  final  conclusion  to  be  drawn  is  this,  that,' 
since  there  is  reason  to  believe  that  the  turgidity  of  the  cells 
of  etiolated  intcrnodes  is  greater  than  that  of  normal  inter-* 
nodes,  and  since  the  shortening  of  the  former  on  plasmolysis 
is  not  greater  than  that  of  the  latter,  the  increase  in  surface 
of  the  cell-walls  by  actual  growth  is  more  active  in  the 
former  than  in  the  latter. 

It  is,  then,  to  the  active  growth  of  their  parenchymatous 
cells  tihiat  the  excesisive'  elongation  of  etiolated  internbdes 
Ts-t<rbe  ascfiBed:  '  We" ivill  now  enquire  into  the  causes  of 
Uiis  more^tive  growth  in  darkness.  Various  explanations 
have  been  offered.  It  has  been  suggc.-,tcU,  iianirl\',  ihal 
under  these  coiulilions  the  normal  correlation  of  nutrition 
between  the  different  organs  may  be  interfered  with.  For 
example,  Famintzin  observed,  in  the  case  of  Cress-seedlings, 
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that  the  average  length  of  the  hypocotyl  and  primary  root 
taken  together  was  a^out  the  same  whether  the  plant  had 
grown  in  light  or  in  darkness^  a  reault  which  was  confirmed 
with  regard  to  other  plants  by  Lasareff,  the  hypocotyl  being 
lonp^er  and  the  root  shorter  in  the  etiolated  than  in  tiie  normal 
plant.    Again,  C.  Kraus  accounts  for  the  usual  smallness  of 
the  leaves  of  etiolated  shoots  by  regarding"  H  as  a  consequence 
of  the  excessive  elongation  of  the  internodes.    As  a  matter  ot 
fact,  this  is  not  the  case,  as  Godlewski  has  shewn.  But 
assuming  it  for  a  moment,  we  must  admit  that  the  converse 
also  will  be  true,  that  active  growth  of  the  leaves  will  restrain 
the  excessive  growth  of  the  internodes  in  darkness.  Godlewski 
has  found,  however,  that  the  excessive  growth  of  the  hypocotyl 
of  the  Radish  in  darkness  is  only  very  slightly  diminished 
when  the  cotyledons  are  enabled  to  grow  by  exposure  to 
light    Naturally  when  tbere  is  only  a  limited  supply  of 
plastic  material  the  growth  of  any  one  organ  will  eventually 
be  affected  by  the  demands  made  upon  the  store  by  the  other 
growing  organs.    But  this  docs  not  at  all  touch  the  real  point 
at  issue,  that,  namely,  whilst  there  is  an  adequate  supply 
of  plastic  material,  the  growth  of  some  organs  should  be 
promoted  by  the  absence  of  light,  and  that  of  others  hindered. 
Another  explanation  of  the  excessive  elongation  of  etiolated 
internodes  is  that  offered  by  Rauwenhoff,  who  concludi^  tliat 
it  is  due  to  the  influence  to  gravity  which,  as  we  shall  learn 
more  fully  hereafter,  tends  to  cause  stems  to  grow  erect.  It 
is  difficult  to  reconcile  this  view  with  the  fact  that  an  excessive 
elongation  of  the  internodes  in  darkness  takes  place  when  the 
plant  is  hung  upside  down,  so  that  its  normal  relation  to 
graviQr  is  reversed,  and  also  when  the  growing  plant  is  made 
to  rotate  slowly  about  a  horizontal  axis  in  darkness  so  that 
the  ehcct  of  gravity  is  eliminated. 

The  only  satisfactory  explanation  that  can  be  given  is  that 
when  a  shoot  grows  in  the  light,  the  light  exercises  a  tonic 
influence  upon  the  growing  cells  such  that  their  growth  is 
retarded,  whereas  in  darkness,  in  the  absence  of  this  tonic 
influence,  their  growth  is  more  rapid.  We  will  postpone  a 
'fuller  consideration  of  this  matter  for  a  short  time. 
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Before  we  leave  this  subject  it  may  be  incidentally  men- 
tioned that  organs  other  than  tntemodes  become  excessively 
elongated  when  grown  in  darkness.  Excessive  elongation, 
i$~  exhibited  by  the  stalksi  which  belong  to  the  cat^oiy  of 
shoots  tn  the  more  extended  sense  in  which  Sachs  uses  the 
term,  which  bear  the  fructification  of  various  Fungi,  l^rcfcld 
mentions,  for  instance,  that  whereas  the  subacrial  hypha  which 
bears  the  sporangium  of  Pilobolus  viicrosporus  usually  attains 
a  length  of  about  half  an  inch,  when  grown  in  darkness  it 
attains  a  length  of  from  eight  to  ten  inches*  and  under  these 
circumstances  no  sporangium  is  produced:  and  again,  that 
the  stipe  of  Coprinus  stercorarius,  which  is  usually  only  an  inch 
or  so  long,  may  attain  in  darkness  a  length  of  two  feet,  the 
pileus  remaining  rudimentar)^ 

•  From  the  facts  with  which  we  have  just  become  acquainted 
we  learn  that  the  absence  of  light  is,  as  a  rule,  favourable 
to  the  growth  in  length  of  shoots,  and  from  this  purely  negative 
evidence  we  may  conclude  that  light  tends  to  retard  growth 
in  length.  T'  lt  there  is  abundant  positive  evidence  forthcoming 
to  establish  this  point.  Sachs  has  obserx'cd,  for  instance,  that 
if  a  potato  be  allowed  to  sprout,  exposed  as  fully  as  possible 
to  light,  the  shoots  attain  only  a  very  inconsiderable  length. 
In  one  case  shoots  thus  exposed  for  nearly  eight  weeks  were 
only  a  little  more  than  one  centimetre  long,  whereas  etiolated 
shoots  of  the  same  age  were  1 5 — 20  centimetres  long.  The 
shoots  of  the  Potato  are  normally  developed  uiider  ground,  so 
that  they  pass  through  the  first  stage  of  their  growth  in  more 
or  less  complete  darkness;  they  appear  to  be  adapted  for 
growth  in  darkness  during  this  stage,  so  that  when  they  are 
exposed  to  light  the  effect  of  its  retarding  influence  is  shewn 
in  the  conspicuous  manner  described  above. 

The  retarding  influence  of  light  ujjon  growth  in  length  has 
also  been  determined  directly  by  comparative  measurements. 
Strehl  found  the  relative  elongation  during  a  period  of  eighteen 
days,  of  the  roots  and  hypocotyls  of  seedlings  of  Lupinus  alfms^ 
some  of  which  were  grown  in  darkness  and  an  equal  number 
(34)  under  the  normal  alternation  of  day  and  night,  to  be  as 
follows : 
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Root 

1  Hypocot^ 

RooC+Hypocotyl 

NfKBial 

Etiolated 

Normal 

Etiolated 

Nonnal 

Etiolated 

i69t> 

185*8 

■ 

41*3 

5i'9 

201*3 

3377 

The  numbers  repreteiit  mOUmetres. 

Von  WolkofT  made  similar  observations  on  the  roots  of 
seedlings  of  Ptsum  saiiuum, 

Twdve  seedlings  were  measuied  in  each  case^  aad  the  period  of 
growth  was  5  days.  The  measurements  are  in  milKmeCres. 

In  the  daik      Under  normal  oonditiona. 

Total  elongation  923  715 

The  effect  of  light  in  retarding  the  rate  of  growth  in  length 
makes  itself  evident  even  after  a  short  exposure.   This  is 

strikingly  shewn  by  the  results  of  some  experiments  which  I 
made  with  the  ^*^act  sporangilcruus  hypha^  of  Phycomyces 
nitens.  These  delicate  fi laments  are  upgrowths  of  the  much- 
branched  tubular  cell  which  constitutes  the  mycelium  of  this 
plant.  The  plant  was  grown  in  darkness  and  was  exposed  at 
intervals  to  light 

The  following  axe  the  measorements  made  at  intervals  of  an  hour 
aponahypha. 


8—9  a.m. 

270 

22*9^  C. 

10  „ 

370 

24'3 

11  «> 

3*30* 

36x> 

13  noon 

290 

25-0 

I  p.m. 

270* 

25-8 

2  « 

3'2o 

25-3 

3  If 

3-50 

35*3 

4  » 

2-90* 

35X> 

5  » 

320 

25*1 

6  n 

280 

353 

*  Eitposcd  to  lii;ht. 


The  figures  correspond  to      of  a  millimetre. 
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This  table  is  rendered  more  intelligible  by  the  following  diagram,  in 
which  the  thick  line  is  the  course  of  growth,  the  thin  line  that  of  the 
temperature,  and  the  unshaded  spaces  the  periods  of  exposure  to  light. 
The  figures  on  the  left  side  represent  ^  s  of  a  millimetre,  those  on  the 
right  degrees  of  temperature,  and  those  on  the  top  hours. 


Fig.  43.    Diagram  illustrating  the  retarding  influence  of  light  upon  the  growth  of 

a  sub-acrial  hypha  of  Phycomyces. 

The  growth  of  leaves  also,  when  they  are  in  a  phototonic 
condition,  is  retarded  by  exposure  to  light ;  this  is  clear  from 
Prantl's  observations  and  from  my  own. 

The  following  table  illustrates  my  observations.  The  plant  used  was 
Secale  cereale.  The  plant  was  kept  in  darkness  and  exposed  at  intervals 
to  light. 


Time 

Hourly  growth 

Temperature 

7 — 8  a,m. 

no 

22-4<>  C. 

9  », 

120 

22*4 

10  „ 

150 

23*5 

> 

150 
1-40 

24*0 

I  p.m. 

i'3o 

26'4 

1*50 

25-8 

3  » 

170 

25*0 

4  M 

170 

253 

5  » 

r8o 

24*6 

6  „ 

I  60 

24"2 

7  » 

1*50 

240 

*  Exposed  to  light. 
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Since,  as  we  see,  light  retands  growth,  it  can  be  easily 

conceived  that  its  retarding  effect  will  vary  with  its  intensit)'. 
Illustrations  of  this  are  afforded  by  variations  in  the  size  of 
leaves  grown  under  ditferent  conditions  of  illumination.  Leaves 
grown  fully  exposed  to  sunlight  are  smaller  than  those  grown 
in  bright  diffused  light,  and  those  grown  in  wealc  ligbt  are 
small,  not  much  larger,  in  fact,  than  those  grown  In  darkness." 
The  most  striking  illustration  is  afforded  by  Wiesner's  obser^ 
vation,  to   which   allusion   has  already   been  made,  that 
exposure  to  very  intense  light  arrests  growth  altogether. 
The  general  relation  of  the  intensity  of  light  to  the  rate  of 
growth  of  shoots  is  then  this,  that  at  a  certain  maximum 
intensity  growth  is  prevented,  and  that,  as  the  intensity  di- 
minishes, the  rate  of  growth  gradually  increases,  attaining  a 
.maximum  rapidity  in  thukncss. 

The  effect  of  light  in  retarding  growth  is  not  immediately 
perceptible  on  exposure,  at  least  in  the  case  of  organs  of  com- 
plex structure ;  nor  does  its  effect  immediately  cease  when 
the  organ  is  replaced  into  darkness.  This  is  shewn  in  the 
table  of  my  observations  on  the  leaf  of  Seeale  cereaU  (Rye). 
During  the  period  of  exposure  to  light  (l  I-I2j  the  rate  of  growth 
was  somewhat  retarded,  and  the  retardation  was  probably 
greater  than  it  appears  to  have  been,  for  the  rate  of  growth 
was  increasing.  But  the  full  effect  was  exhibited  in  the  suc- 
ceeding hour  (12-1)  when,  in  spite  of  the  natural  acceleration 
and  of  a  rise  of  temperature,  the  rate  of  growth  further 
diminished,  and  it  clearly  persisted  during  the  next  hour. 
We  shall  have  occasion  to  consider  the  "  persistent  influence" 
of  light  more  fully  when  we  are  discussing  the  conditions  of 
the  daily  period  of  growth. 

We  may  now  enquire  whether  or  not  all  the  rays  of  the 
spectrum  are  alike  capable  of  inducing  a  retardation  of  growth 
in  length.  It  may  at  once  be  stated  that  this  is  not  the  case. 
The  observations  of  Sachs,  of  Kraus,  and  of  Rauwenhoff,  shew 
that  when  plants  are  grown  in  the  rays  of  low  rcfrangibility 
(yellow,  orange,  red)  they  present,  though  not  quite  in  the 
same  degree,  the  abnormalities  of  form  which  are  characteristic 
of  etiolation,  that  is»  their  intemodes  become  excessively 
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elongated  and  their  leaves  remain  smalK  and  Rauwenhofi"  has 
found  that  the  structure  of  internodes  grown  in  light  of  low 
refrangibility  is  similar  to  that  of  etiolated  internodes.  On  the 
other  hand,  plants  grown  exposed  to  the  mys  of  high  refrangi- 
bility (violet,  indigo,  blue)  resemble  those  which  have  grown 
in  white  light  It  appears,  therefore,  that.it  is  the  rays  of 
high  rcfrangibihty  which  exercise  the  retarding  influence  upon 
the  rate  of  growth. 

The  relative  effect  of  exposure  to  the  rays  of  high  and  of  low  refrangi- 
bility is  cleariy  shewn  in  ihe  following  tables  of  observations  made  by 
me  upon  the  sporangiferous  hyphae  of  Phycomycts  nitens.  The  figures 
are  |V  s  of  a  millimetre ;  the  time  of  exposure  to  light  was  an  hour  in 
each  case. 


A.  Bhu  HgkL 

1 

8 — 9  a.m. 

lo  „ 

It  » 
13  noon 

I  p.m. 

3  » 

4  « 
5 

2'20 

270/^ 
290}* 

3W 

390 
4'40 

200^  C. 

249 

36*9 

266 
27-8 

27*1 

37*6 
36*5 
36*1 

*  ExpoMd  to  UghL 

B.   YtUow  UgM. 

Hme 

8-~~9  a*nL 

ID  » 
II  n 

13  noon 

I  p.m. 

3  » 

4  » 

1  40 

2*2o( 
270 
3-10)  ' 

3«oof 
3*30 

210°  C. 

31-5 

217 

22*8 
235 
33*0 
33*6 
33*5 
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In  conclusion  we  may  endeavour  to  form  some  idea  as  to 
the  mode  of  action  of  light  in  retarding  growth.  The  effect 
of  the  tonic  action  of  l^ht  in  diminishing  the  rate  of  growth 
is  probably  to  be  ascribed  to  an  interference  with  the  motility, 
of  the  protoplasm  of  the  growing  cc.lls*  for  \\c  know  ihdt 
when  the  light  is  of  medium  intensity,  irritability,  as  indicated 
by  heiiotropic  curvature  for  instance,  is  well-marked,  while 
the  rate  of  growth  is  considerably  lower  than  it  is  in  daricness. 
We  may  regard,  then,  the  tonic  action  of  light,  manifi^e«r^ 
in  its  retarding  effect  upon  the  rate  of  growth,  as  an  in* 
iiibitoiy  action,  and  as  being  due  to  the  induction  of  a  certain 
de^^ree  of  rigidity  in  the  y)rotoplasm,  the  rigidity  being  slight 
at  low  intensity  and  gradually  increasing  with^e  intensity, 
until,  under  the  influence  of  very  intense  light,  it  is.jran- 
plete.  A  detailed  discussion  of  this  point  will  be  given  here- 
aiier  when  we  come  to  the  general  explanation  of  all  the 
various  phenomena  of  this  kind. 

It  will  be  advantageous  to  ^ve  some  account  of  the  methods  by 
which  the  measurement  of  growing  organs  has  been  made.  It  has  been 
made  in  some  cases  by  simply  using  the  rule ;  in  others,  by  observing 
the  dongatton  of  the  organ  by  means  of  some  form  of  telescope^  with 
reference  to  a  fixed  scale  either  in  the  tdescope  or  applied  to  the  organ : 
in  other  cases^  again,  by  means  of  pointers  connected  with  the  oigan  and 
playing  over  a  graduated  arc*  The  most  convenient  form  of  instrument 
is  die  self-r^stering  auzanometer,  first  devised  by  Sachs,  in  which  the 
point  traces  its  rise  and  fall  upon  a  piece  of  smoked  paper  fastened  on  to 
a  rotating  drum.  Appended  is  a  figure  of  Baranetsky's  improved  form 
of  self-registering  atucanometer.  It  consists  of  a  table  bearing  the 
rotating  drum,  and  cairying  on  each  side  a  stand,  which  will  slide  up 
and  down  as  required,  for  the  plants ;  in  the  figure  only  one  plant  is  in 
position.  A  thread  is  attached  by  one  end  to  the  top  of  the  stem  of  the 
plant,  and  has  a  weight  at  the  other  end  to  keep  it  tense.  It  passes  over 
a  pulley,  and  on  the  same  axle  as  this  pulley  there  is  a  large  grooved 
wheel :  over  this  wheel  and  the  other  above  it  there  passes  an  endless 
cord  to  which  the  indicator  is  attached,  the  point  of  the  indicator  being 
in  contact  with  the  revolving  drum.  An  elongation  of  the  stem  will 
cause  the  weight  at  the  end  of  the  thread  to  sink,  and  wiU  cause  the 
pulley  to  turn  :  this  movement  will  be  communicated  to  the  grooved 
wheel  on  the  same  axle,  and  will  cause  a  movement  of  the  indicator 
which  will  be  traced  on  the  drum.   The  drum  may  be  made  to  rotate 
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Fig.  44.    Bamnctzky's  self-registering  auxanomeler. 


either  uniformly,  by  clockwork,  or  in  jerks,  by  means  of  an  electric 
current :  the  instrument  in  the  figure  is  arranged  for  the  latter  mode  of 
rotation. 
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TJie  Stimulating  Action  of  Light.  Tlic  effect  of  variations 
in  the  intensity  of  light,  as  such,  upon  the  rate  of  growth 
is  a  subject  which  has  not  as  yet  been  adequately  investi- 
gated. The  only  facts  bearing  upon  it  are  those  ascertained 
by  Pfeffer  in  his  investigation  of  the  opening  and  closing  of 
flowers.  He  found,  namely,  that  exposure  to  light  of  a 
cci  taiii  iiiLcnsity  caused  the  flowers  to  open,  and  to  darkness 
to  close.  Exposure  to  direct  sunlight  caused  some  flowers 
{pxalis  valdi l  iana,  Calendula,  Leontodon,  Venidium,  and 
other  Composites)  to  close,  so  that  possibly  there  may  be 
an  optimum  intensity  for  inducing  opening.  An  increase  of 
intensity,  within  certain  limits  induces,  then»  opening,  and  a 
diminution  closing.  It  is  probable,  though  he  made  no  mea- 
surements, that  exposure  to  light  or  removal  from  light, 
causes,  like  variations  of  temperature  (see  ante,  p.  379),  a  tem- 
porary acceleration  of  the  mean  rate  of  growth.  We  can- 
not explain,  here,  any  more  than  we  could  with  r^ard  to 
variations  of  temperature,  how  it  is  that  the  induced  vari- 
ations in  the  rate  of  growth  should  be  manifested  by  the 
accelerated  growth  of  the  upper  or  Lhc  lower  surface  accui  d- 
ing  to  circumstances.  These  remarks  are  probably  also  ap- 
plicable to  the  rising  and  falling  of  the  young  growing  leaves 
of  certain  plants  {fikenopodmm  alhum^  Polygonum  avicuktre, 
Stellaria,  Linum,  Impatiens,  Pofygonum  ConvolmUu5\  ob- 
served by  Batalin,  and  to  that  of  cotyledons  observed  by* 
Darwin. 


Tlie  Daily  Period  of  Growth  iu  Length,  The  tonic  influence 
of  light  upon  growth  can  in  no  case  be  more  clearly  observed 
than  by  tlie  study  of  the  growth  of  plant-organs  in  its  relation 
to  the  normal  alternation  of  exposure  to  light  and  darkness 

which  takes  place  in  each  day  of  twenty-four  hours.  The 
alternation  of  day  and  night  causes,  as  might  be  expected, 
daily  variations  in  the  rate  of  growth  in  length  ;  these  are 
tolerably  uniform  for  each  period  of  twenty- four  hours,  and 
constitute  what  is  known  as  the  daily  period  of  growth  in 
length. 


i^idui^cd  by  Googi 


IRRITABILITY.  4OI 

The  daily  period  of  growth  in  length  was  first  thoroughly 
studied  by  Sachs,  and  we  may  take  some  of  his  results  to 
illustrate  our  present  consideration  of  the  subject. 


Fig.  45  (after  Sachs).  Curves  of  the  daily  period  of  growth  in  length  of  the  stem 
of  Dahlia  variabilis.  \h  is  the  curve  constnictetl  from  hourly  observations, 
and  3^  is  the  curve  constructed  from  observations  made  every  three  hours; 
f  is  the  curve  of  temperature.  The  abcissae  represent  periods  of  two  hours, 
and  the  divisions  of  the  ordinatcs  represent  units  of  increment  in  length. 
With  regard  to  the  temperature,  the  base-line  indicates  u*  R.,  and  five  of  the 
divisions  of  the  ordinates  correspond  to  I'^R.  The  shadetl  spaces  represent 
periods  of  darkness. 

A  general  inspection  of  the  curves,  particularly  of  the 
curve  constructed  from  observations  made  every  three  hours, 
shews,  as  might  be  expected,  that  the  rate  of  growth  increases 
during  the  night,  and  diminishes  during  the  day.  It  will  be 
noticed  that  the  effect  of  exposure  to  light  or  to  darkness  does 
not  manifest  itself  suddenly,  but  that  in  the  one  case  the  curve 
gradually  falls  and  that,  in  the  other,  it  gradually  rises. 

V,  26 
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It  will  also  be  obaerved  that  the  maxima  are  not  attained 

during  the  periods  of  darkness,  but  shortly  after  the  exposure 
of  the  plant  to  light,  and,  further,  that  the  occurrence  of  the 
minima  does  not  coincide  in  pomt  of  time  with  the  greatest 
intensity  of  lic^ht,  but  that  they  occur  in  the  evening  wheo  the 
intensity  of  the  light  is  diminishing.  These  facts  illustrate  the 
statements  made  above  that  the  influence  of  light  makes 
itself  only  gradually  apparent,  and  that  ft  per^ts  for  a  time 
after  the  growin<^  organ  lias  been  more  or  less  completely  with- 
drawn from  exposure  to  light.  A  comparison  of  the  two 
curves  shews  that  the  one  (3  h)  is  more  even  than  the  other 
(i  h).  This  is  due  to  the  fact  that  when  measurements  of 
growing  organs  are  made  at  short  intervals,  the  spontaneous 
irregular  variations  (see  p.  358)  of  the  rate  of  growth  become 
much  more  apparent  than  when  the  measurement  are  made 
at  longer  intervals. 

It  must,  however, be  remarked  that  the  alternation  of  light 
and  darkness  is  accompanied  by  other  changes  in  the  external 
conditions^  and  that  it  affects  various  processes  of  the  plant 
If  we  observe  the  curve  of  temperature  in  Fig.  45,  for  in- 
stance, we  see  that  it  rises  during  the  periods  of  exposure  to 
light,  and  falls  during  the  periods  of  darkness.  We  know  that 
at  a  high  temperature  the  rapidity  of  growth  is  greater, 
whereas  at  a  low  temperature  it  is  less ;  hence,  the  different 
prevailing  temperatures  constitute  an  important  factor  in 
determining  the  form  of  the  curve  of  growth.  Again,  a  h^h 
temperature  and  exposure  to  light  promotes  transpiration, 
and  we  know  that  very  active  iran.-^piralioa  tends  to  retard 
growth.  The  curves  in  the  figure  are  therefore  not  merely 
simply  the  expression  of  the  action  of  light  upon  growth,  but 
they  are  the  resultant  exjMession  of  this  action,  of  the  influence 
of  various  temperature^  .and  possibly  of  the  influence  of 
variations  in  the  activity  of  transpiration.  The  faU  of  the 
curve  of  growth  during  a  period  of  exposure  to  light  is  not 
so  rapid  as  it  might  be,  because  the  retarding  effect  of  light 
!s  to  some  extent  counteracted  by  the  accelerating  influence 
of  the  higher  temperature;  but,  on  the  other  hand,  the 
retarding  efiect  of  light  may  be  assisted  by  the  increased 
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transpiration.   Similar^,  the  rise  of  the  curve  of  growth 

during  a  period  of  darkness  is  not  so  rapid  as  it  might  be, 
because  the  accompanyinn-  low  temperature  exercises  a  slight 
retarding  influence  ;  but,  on  the  other  hand,  the  acceleration 
may  be  promoted  by  the  diminution  of  transpiration. 

A  similar  daily  periodicity  has  been  observed  by  Prantl 
tn  the  growth  both  in  breadth  and  length  of  the  leaves  of 
dicotyledonous  plants,  by  Steblcr  in  the  growth  in  length  of 
the  leaves  of  monocotyledonous  plants,  and  by  Strehl  in  the 
growth  in  length  of  roots. 

The  daily  periodicity  of  growth  induced  in  a  plant  by 
exposure  to  the  normal  alternation  of  day  and  night  does  not 
necessarily  cease  when  the  plant  is  kept  in  continuous  dark* 
ness,  but  may  persist  for  a  longer  or  shorter  time.  Baranetzky 
has  observed  this  in  various  species  of  Gesneria,  in  Hcliantkus 
annuus  and  tuberosus^  and  in  Bra < ska  Rapa.  But  the  duration 
of  this  persistence  varies  in  difterent  plants.  Baranetzky  could 
observe  the  daily  period  in  Gesneria  tub^ora  for  only  two  or 
three  days»  whereas  he  could  detect  it  In  Helianthus  tuberasus 
after  fourteen  days  in  continuous  darkness.  The  occurrence  of 
the  minima  and  maxima  becomes  eventually  irregular,  and  is 
then  the  expression  of  the  irregular  spontaneous  variations  of 
growth  (see  p,  358).  Entirely  etiolated  plants,  plants,  that  is, 
which  have  been  grown  from  the  beginning  in  darkness  and 
have  not  been  exposed  to  the  alternation  of  day  and  n^ht,  do 
not  exhibit  a  daily  periodicity  of  growth,  but  only  the  irregular 
spontctiicous  variations.  It  was  indeed  mentioned  in  a  pre- 
vious lecture  (p.  359)  that  Baranetzky  observed  a  fairly  regular 
daily  period  in  the  growth  of  the  stem  of  an  entirely  etiolated 
plant  of  ^mfin^tf  Rapa,  Hcis  inclined  to  regard  this  asdue  to 
heredity,  but  it  is  at  least  equally  probable  that  it  is  a  mere 
coincidence,  that  the  spontaneous  variation  happened  in  this 
case  to  occupy  a  period  of  twenty-four  hours. 

Some  interesting  examples  of  dail\'  j^eriodicity  of  growth 
are  afforded  by  the  opening  and  closing  of  the  flowers,  and  by 
the  rising  and  falling  of  the  leaves,  of  certain  plants.  With 
regard  to  the  opening  and  closing  of  flowers,  we  know 
already  that  opening  is  induced  by  exposure  to  light,  and 

26—2 


404 


LECTURE  XVI. 


in  some  cases  by  a  rise  of  temperature,  and  that  closing  is 
induced  by  withdrawal  of  \\a;ht,  and  in  some  cases  by  a  fall  of 
temperature  (pages  378  and  400),  We  can  thus  readUy  under- 
stand how  it  is  that  many  flowers  open  in  the  momii^  wh^ 
the  intensity  of  light  is  increasing  and  the  temperature  rising, 
and  close  in  the  evening  when  the  intensity  of  light  is 
diminishing  and  the  temperature  foiling.  The  daily  period  is 
the  response  of  the  ^owiiL^^  perianth-leaves  to  the  variations 
in  external  conditions  which  accompany  the  alternation  of 
day  and  night. 

This  induced  daily  periodicity  is  impressed  more  or  less 
deeply  upon  the  organisation  of  the  flower,  as  is  shewn  by  the 
fact  that  the  exhibition  of  it  does  not  at  once  cease  when  the 
flower  is  kept  under  nearly  constant  external  conditions,  in 
darkness  and  at  an  approximately  uniform  temperature. 
Vielfer  observed,  for  instance,  that  flowers  of  the  Daisy,  when 
placed  one  evening  in  darkness,  opened  the  next  morning, 
though  later  than  usual,  and  attempted  feebly  to  dose  in  the 
evening;  on  the  second  day  slight  opening-and-closing 
movements  were  made.  The  degree  in  which  it  has  been 
impressed  can  also  be  estiniatetl  by  comparing  the  effect  of 
sudden  disturbances  of  the  external  conditions.  For  example, 
Pfefler  found  tliat  the  flowers  of  Ficaria  and  of  Anemone 
open  much  more  quickly  than  they  close  when  subjected, 
of  course  in  darkness,  to  the  influence  of  a  rise  and  then  of  an 
equal  fait  of  temperature  in  the  morning  when  their  natural 
tendency  was  to  open.  In  Crocus  and  Tulipa,  a  rise  of  tem- 
perature causes  the  tiowcrs  to  open  in  the  afternoon  when  they 
are  closing.  In  other  cases  (Ficaria,  Galanthus),  a  rise  of 
temperature  in  the  afternoon  when  the  flowers  are  closing, 
induces  only  a  partial  opening.  In  others  again  (Njm^kaa 
aiba,  OxaUs  resea  and  veddwitma^  Mtsembryanthenmm  trieohr 
and  ccJibiatiuny  Composita?)  the  flowers  cannot  be  made  to 
open  in  the  evening  by  a  rise  of  temperature  which  acts 
rapidly  when  they  are  subjected  to  it,  of  course  in  darkness, 
in  the  morning-hours.  Similarly  with  regard  to  the  action  of 
light,  the  eflect  of  withdrawal  from  light  is  much  less  marked 
in  the  morning-hours  than  in  the  evening-hours.  The  cffcr* 
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then,  of  variations  of  external  conditions  is  more  or  less 
marked  in  pr  oportion  as  it  coincides  with  or  opposes  the 
course  of  the  daily  period. 

A  few  remarks  may  be  added  with  regard  to  the  rising 
and  falling  of  growing  foliage-leaves  (see  p.  400).  It  has  long 
been  known  that  the  young  growing  leaves  of  various  plants 
take  up  different  positions  by  day  and  by  night  Batalin, 
who  has  the  most  recently  studied  this  subject,  mentions  the 
following  cases:  leaves  which  rise  at  night,  Chenopodium, 
Polygonum  avicularc,  Stellaria,  Linum  :  Icavo'^  which  fall  at 
night,  various  species  of  Impatiens,  Polygonum  Convolvulus^ 
Sida  Napaa,  Batalin  has  shewn  that  these  movements,  like 
the  opening  and  closing  of  flowers  are  undoubtedly  phe* 
nomena  of  growth,  and  probably  their  daily  periodicity  is 
induced  in  the  same  way  in  both  these  cases. 

Daily  periodicity  of  I  he  Tensions  of  the  Tissues.  In  a 
previous  lecture  (p.  342)  attention  was  drawn  to  the  existence 
of  tissue-tensions  in  growing  organs,  and  the  mechanical  con- 
ditions upon  which  these  tensions  depend  were  discussed. 
We  will  now  study  them  in  their  relations  to  external  condi* 
tions,  and  we  shall  find  they  afford  information  which  will 
material !y  contribute  to  an  understanding  of  the  mode  in 
which  variations  in  the  external  conditions  give  rise  to  cor- 
responding variations  in  the  rate  of  growth. 

In  the  course  of  his  researches,  to  which  allusion  was  then 
frequently  made,  Kraus  ascertained  that  the  tissue-tensions 
are  considerably  affected  by  variations  in  the  external  condi- 
tions. He  observed  that  the  tensions,  both  longitudinal  and 
transverse,  exhibit  a  daily  periodicity  in  shoots  which  are 
exposed  to  the  normal  alternation  of  day  and  night,  such 
that  the  tensions  diminish  from  dawn  throughout  the  day  as 
the  intensity  of  light  increases,  and  begin  to  increase  in  the 
early  afternoon  as  the  intensity  of  the  light  diminishes.  This 
periodicity  is  dependent  upon  previous  exposure  to  the  alter- 
nation of  day  and  nii^ht,  for  if  a  shoot  be  kept  in  continuous 
darkness,  the  daily  period  gradually  disappears,  and  is 
replaced  by  irregular  variations.  The  daily  period  can  only 
be  observed  when  the  temperature  is  sufiiciently  high ;  thus. 
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in  the  shoots  of  plants  growing  in  the  open  air,  it  can  only  be 
observed  during  the  summer  but  not  in  the  winter.  It  does 
not  appear,  however,  that  variations  of  temperature  contri* 
bute  largdy  to  the  production  of  the  daily  periodidty,  for 
Kraus  found  that  only  very  considerable  variations  of  tern- 
perciUiic,  far  L^reater  th<iii  those  which  umuiUv  occur  in  any 
one  period  of  twenty-four  hours  durinc^  the  summer  months, 
materially  affect  the  intensity  of  the  tensions.  For  instance,  a 
very  marked  increase  in  the  tensions  is  produced  when  a  shoot 
which  has  been  kept  at  a  temperature  of  7-8^  C.  is  exposed 
to  a  temperature  of  15° — •2C^C.  So  long  as  the  temperature 
varies  witliin  certain  normal  limits,  say  between  10"  C.  and 
30'*C.,  the  variations  do  not  appear  to  lifect  the  daily  period, 

Miilardet  has  observed  a  similar  daily  periodicity  of  the 
tensions  in  Mimosa ^udtca,  the  Sensitive  Plant  His  observa- 
tions confirm  the  statements  of  Kraus  with  regaid  to  the 
relation  of  the  daily  period  to  variations  in  the  external  condi* 
tions  in  all  respects  except  with  regard  to  the  influence  of 
temperature.  Miilardet  found,  namely,  that  a  rise  of  tem- 
perature from  iS'' to  32"  C.  materially  increased  the  tension, 
and  that  a  fall  from  30^  to  19^  C  materially  diminished  it. 

Kraus  ascribes  the  daily  periodicity  of  the  tensions  to 
variations  in  the  turgidity  of  the  parenchymatous  tissues,  par- 
ticularly of  the  pith.  When  a  shoot  is  insufficiently  supplied 
Willi  water^  it  is  the  pith  which  is  most  affected,  as  is  shewn 
by  the  fact  that  it  becomes  shorter,  under  these  circumstances, 
than  any  of  the  other  tissues.  This  explanation  is  confirmed 
by  results  obtained  in  his  subsequent  investigations  on  the 
same  subject  but  in  rather  a  different  direction.  He  has 
found,  namely,  that  not  only  shoots,  but  all  plant-oi^ans, 
whether  growing  or  not,  exhibit  a  daily  period  of  variation  in 
bulk,  provided  always  that  the  temperature  is  not  too  low. 
The  course  of  the  daily  period  is  this,  that  the  organs  diminish 
in  bulk  (as  estimated  by  their  diameters)  from  early  morning 
until  afternoon^  when  the  minimum  is  reached,  and  then 
increase  in  bulk  until  towards  dawn,  when  the  maximum  is 

atLaiuLfl. 

These  variations  in  bulk  depend  largely  upon  the  variations 
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in  the  total  quantity  of  the  water  which  the  organ  contains, 
and  this  again  depends  upon  the  relative  gain  of  water  by 
absorption  and  loss  by  transpiration,  assuming  that  the  organ 
forms  part  of  a  plant  growing  under  normal  conditions.  As 
regards  absorption,  we  learned  in  a  previous  lecture  (p.  95) 
tliat  the  root-pressure  exhibits  a  daily  periodicity  such  that 
the  maximum  is  generally  attained  in  the  afternoon,  and  the 
minimum  about  twelve  hours  later.  On  comparing  the  daily 
period  of  root-pressure  with  that  of  variation  in  bulk,  we  find 
that  the  two  in  no  wise  correspond ;  the  maximum  of  the 
former  fails  at  about  die  time  of  the  minimum  of  the  latter. 
As  re|:^ards  transpiration.  \vc  have  learned  in  a  previous  lecture 
(p.  lOj)  that  this  process  i.^  carried  on  more  actively  in  light 
than  in  darkness,  and  that  a  relatively  high  temperature  is 
iiavourable  to  it :  it  seems  therefore  possible  that  the  diminu- 
tion in  bulk  during  the  day  may  be  due  to  the  loss  of  water  by 
transpiration.  Kraus  has  found,  as  a  matter  of  fact,  that  the 
removal  of  the  leaves  in  the  day-time  arrests  the  normal 
diminution  in  bulk  of  the  stem.  The  daily  variation  in  the  total 
quantity  is  due,  then,  to  the  excess  of  the  loss  over  the  supply 
by  day,  and  the  excess  of  the  supply  over  the  loss  by  night 

Inasmuch  as  these  variations  in  bulk  are  thus  dependent 
upon  variations  in  the  quantity  of  water  which  the  organs 
contain,  and  in  view  of  the  general  similarity  between  the 
course  of  the  daily  period  of  variation  in  bulk  and  thai  of  the 
daily  period  of  the  tensions,  it  would  seem  natural  to  regard 
^e  one  as  the  cause  of  the  other.  The  change  in  the  diameter 
of  a  branchy  for  instance,  is  due,  according  to  Kraus^  either 
chiefly  to  the  swelling  by  imbibition  of  the  walls  of  the  wood- 
cells,  or  chiefly  to  the  expansion  of  the  parenchymatous 
tissues.  In  whichever  of  these  ways  the  increase  n\  bulk  takes 
place,  it  is  clear  that  it  must  increase  the  tissue-tension.^  in 
the  organ  ;  similarly  a  decrease  in  bulk  involves  a  diminution 
of  the  tissue-tensions. 

But  these  variations  in  bulk  are  not  wholly  due  to 
variations  in  the  total  quantity  of  water  which  the  organ 
contains,  but  they  depend  also  upon  the  distribution  of  the 
water.    Perhaps  the  most  interesting  of  Kraus'  observations 
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is  that  pieces  of  stout  branches,  sawn  off  and  cemented  at 
both  ends,  exhibit  the  daily  periodicity  of  variation  in  bulk, 
and  furtiier  that  the  diameter  of  such  pieces  increases  when 
they  are  withdrawn  from  the  influence  of  light,  the  temper- 
ature being  constant,  and  also  when  they  are  subjected  to  a 
rise  of  temperature  in  daikness.  In  these  cases  the  mcrease 
in  diameter  is  entirely  due  to  the  cortical  parenchyma,  the  bulk 
of  the  wood  cither  remaining  unaltered  or  dccreasini;.  The 
expansion  of  the  cortical  parenchyma,  cannot  be  due  1<>  an  in- 
crease in  the  total  quantity  of  water,  for  none  enters  the  piece 
of  branch  during  the  experiment  It  is  due  entirely  to  a  le* 
distribution  of  the  water  present  This  factor  doubtless  enten 
lari^ely  into  the  production  of  the  variations  in  diameter  of 
rooted  plants.  The  wood  appears  to  act  as  a  reservoir  (see 
p.  99)  of  water  upon  which  the  cortical  parenchyma  can 
draw  in  expansion,  and  to  which  it  can  return  the  excess  of 
water  on  contraction. 

These  (acts  are  of  great  importance,  for  they  a£brd  an 
illustration  of  the  sensitiveness  of  the  protoplasm  of  ceils 
which  belong  neither  to  growing,  in  length  at  least,  or  to 
motile  organs,  and  also  in  that  they  thruw  light  upon  the 
mechanism  of  growth  and  of  movement.  A  full  discussion  of 
them  is  reserved  for  the  present,  but  as  much  may  be  now  said 
concerning  them*  that  they  confirm  what  has  been  said  as  to 
the  effect  of  temperature  in  increasing  the  motility  of  the  pn>> 
toplasm,  and  of  light  in  decreasing  it  The  significance  of  tiiese 
facts  is  this,  that  as  the  motility  of  the  protoplasm  of  the 
parenchymatous  ceiis  increases  under  the  influence  of  a  higher 
tempera ture»  the  vacuoles  increase  in  size  and  the  cells  take  up 
more  water ;  and  conversely,  that  as  the  motility  of  the  pro* 
toplasm  dimintdies  under  the  influence  of  light,  the  paren- 
chymatous cells  give  up  water.  When  this  takes  place  in  a 
growing  organ,  the  growth  of  the  cells  must  obviously  be 
corre-^}K)ndingly  affected,  and,  as  a  matter  of  fact,  the  daily 
period  of  variation  in  bulk  and  that  of  growth  are  ciosely 
similar.  The  daily  variation  in  bulk  of  the  cells  is  then  ^e 
cause  of  the  daily  periodicity  of  tensions^  and,  in  growii^ 
organs,  of  the  daily  periodicity  of  growth  in  length. 
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Gravitation. 

In  view  of  the  infiuence  which  different  temperatures  and 
different  intensities  of  %ht  exercise  upon  the  rate  of  gfrowth 

in  length,  the  question  naturally  sugj^c^ts  itself,  inasnuich  is 
growing  organs  respoiKl  by  curvatures  to  alterations  in  their 
relation  to  the  line  of  action  of  gravity,  whether  or  not  tlieir 
rate  of  growth  would  be  affected  by  reversing  their  normal 
relations  to  the  line  of  action  of  gravity,  or  by  neutralising 
the  action  of  gravity,  or,  finally,  by  exposing  them  to  the 
action  of  a  centrifugal  force,  which  has  the  same  action  upon 
them  as  gravity,  cither  greater  or  less  than  that  of  gravity. 
Elfving  has  endeavoured  to  give  an  answer  to  this  by  his 
experiments  on  organs  which  normally  grow  vertically,  either 
upwards  or  downwards.  He  found,  in  the  first  place,  that  the 
sporangiferotts  hyphse  of  P^^yam^ces  mtms  grow  rather  less 
rapidly  in  the  inverted  than  in  the  normal  erect  position. 

He  concludes  that  this  retardation  is  due  to  the  altcratiuii  of 
the  relation  of  the  axis  uf  the  organ  to  the  line  of  action  of 
gravity,  and  he  considers  it  to  be  probable  that  the  effect 
would  be  the  same  in  the  case  of  all  organs  which  normally 
grow  upwards.  This  conclusion  is  supported  by  the  observa- 
tions of  Yachting,  who  has  noted  that  the  pendent  branches 
of  so-called  "  weeping  trees"  grow  in  length  less  rapidly  than 
their  erect  branches.  This  point  cannot,  however,  be  re- 
garded as  having  been  fully  investigated,  for  the  corresponding 
observations  have  not  yet  been  made  upon  organs  which 
nonnaUy  grow  downwards,  but  we  may  perhaps  compare  the 
action  of  gravity  upon  the  rate  of  growth  of  an  organ  in  its 
normal  condition  to  the  effect  of  the  optimum  temperature 
upon  the  rate  of  gru\Uii,  and  llie  cilccL  uf  a  reversal  of  the 
normal  relation  of  the  organ  to  the  line  of  action  of  gravity 
to  the  effect  of  a  temperature  either  higher  or  lower  than 
the  optimum.  In  the  second  place;,  £lfving  has  found,  by 
further  experiments  with  Phyoomyces,  that  the  rate  of  grow^ 
of  the  hyphae  is  the  same  whether  they  grow  in  their  normal 
position,  or  whether  the  action  of  gravity  upon  them  is 
neutralised  by  causing  them  to  rotate  slowly  round  a  hori- 
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zontal  axis  by  means  of  a  machine,  termed  a  Clinostat,  which 
will  be  described  hereafter.  Similar  results  were  obtained  by 
Schwan  in  the  case  of  roots.  Finally^  Elfving  found,  by 
experiments  with  peas  pinned  to  a  disc  of  coik  which  was 
made  to  rotate  rapidly,  that  a  considerable  centrifugal  force, 
acting  along  the  axis  of  growth  of  the  roots  of  seedh'ngs  in 
the  direction  from  the  base  to  the  apex,  did  not  cause  any 
material  alteration  in  the  rate  of  their  growth  as  compared 
with  that  of  roots  growing  under  normal  conditions.  This 
result,  again,  has  been  confirmed  by  Schwarx. 

Electricity. 

The  cflfect  upon  its  rate  of  growth  in  length  of  the  passage 
of  constant  currents  through  a  gruwing  oigaii  was  in.Lclc  tlie 
subject  of  investigation  by  Elfving.  He  found  that  when  a 
current  runs  through  the  long  axis  of  a  root,  its  growth  is 
retarded,  and  more  markedly  when  the  direction  of  the  cur- 
rent is  opposed  to  that  of  the  grovrth  in  length  of  the  root. 
These  results  have  been  confirmed  by  Muller-Hettlingen.  The 
milucncc  of  the  current  appears  to  be  of  a  tonic  nature. 

Pr£Ssuk£  and  Traction. 

The  effects  of  pressure  and  traction  upon  the  rate  of 
growth  of  organs,  though  for  the  most  part  they  can  liardly 
be  r^arded  as  phenomena  of  irritability,  but  as  purely 
mechanical,  may  be  conveniently  considered  here.  In  a 
former  lecture  (p.  348)  we  discussed  the  effect  of  the  tensions 
of  the  tissues  upon  growing  cells,  and  we  then  learned  that 
pressure  limits  the  growth  of  the  cells  in  the  direction  in 
which  it  is  applied.  Generally  speaking,  the  effect  of  pressure 
upon  a  growing  organ  is  the  same  as  that  produced  upon 
growing  cells  by  the  resistance  of  the  older  tissues ;  pressure 
retards  the  growth  of  that  portion  of  the  oigan  to  which  it  is 
applied.  Sachs  gives  a  number  of  illustrative  cases  of  this : 
if  the  root  of  a  seedling:  be  grown  so  that  it  comes  into 
permanent  contact  \v\i\i  some  solid  body,  it  gradually  curves 
round  it,  in  consequence  of  the  growth  in  length  of  that 
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surface  of  the  root  which  is  in  contact  with  the  solid  body 
being  less  rapid  than  that  of  the  opposite  free  surface; 
similarly,  the  a^al  roots  of  Atoids  and  Orchids  become 
closely  applied  to  solid  bodies,  and  delicate  filaments,  such  as 

the  hypiicL  uf  Fungi  and  pollcn-tubcs  behave  in  precisely  the 
same  manner.  The  softer  and  the  more  yielding  the  tissue  of 
the  organ»  the  more  easily  will  it  be  thus  affected  by  pressure ; 
for  instance,  the  pileus  of  Agarics  growing  in  woods  often 
grows  over  and  more  or  less  completely  encloses  leaves,  pieces 
of  stick,  etc.,  the  slight  weight  of  these  objects  sufficing^  to 
arrest  the  growili  of  that  portion  of  the  pileus  upon  which 
they  were  lying.  Another  illustration  is  afforded  by  the  effect 
of  the  mutual  pressure  of  organs  arising  close  together  in 
modifying  their  individual  form  and  relative  arrangement 
Schwendenerhas  drawn  attention  to  this  in  the  case  of  leaves, 
and  has  been  able  to  arrive  at  a  simple  mechanical  explana- 
tion of  the  phenomena  of  phyllotaxy. 

But  external  [)ressuie  has,  in  many  cases,  another  and 
quite  opposite  etfect  upon  growth.  In  these  cases  it  promotes 
the  growth  of  the  organ,  it  acts  as  a  stimulus  to  it.  For 
example,  von  Mohl  has  shewn  that  the  haustoria  of  Cuscuta 
and  Cass3fdia  are  only  formed  when  there  is  continuous  con- 
tact with  a  solid  body ;  and  similarly,  as  Darwin  and  Pfeffer 
have  found,  the  adhesive  discs  on  the  tendrils  of  the  Virginian 
Creeper  are  only  formed  under  the  same  circumstances.  In 
some  plants  these  discs  are  formed  independently  of  such 
contact:  this  has  been  observed  in  Ampehpsis  Veitckii 
(M'Nab),  in  Haplolophium  (F.  Miiller),  and  in  Zanonia 
maerocarp\a  (Treub) :  but  it  appears  that  the  size  of  the  discs 
is  very  much  increased  by  conlad.  Again,  Darwin  has 
pointed  out  that  tendrils  and  the  petioles  of  leaf-climbcis 
become  much  thicker,  when  they  have  come  into  contact  with 
a  support,  than  they  were  before,  and  Treub  has  drawn  atten- 
tion to  the  occurrence  of  precisely  the  same  thing  in  the 
hooks  of  certain  hook-climbers. 

The  accompanying  figures  of  sections  of  a  free  and  of  an  attached 
petiole  of  S0kmum  jasminoides  give  some  idea  of  the  effect  of  pressiife  in 
stimulating  to  growth. 
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FlO.  46  (after  Darwin).     Petiole  of  Solamitn  jasminoides  clasping  a  stick, 
transverse  section  of  free  petiole  i       truisvene  section  of  &  petiole  tone 
weeks  after  it  had  clasped  a  stick. 


Treub  has  observed  the  increased  growth  in  the  thickness  of  the  hooks 
in  consequence  of  contact  in  the  following  plants  :  Uncaria  (RubiaceseX 
Ancistrocladus  (Dipterocarpe3e\  Artabotrys  (Anonace.p\  Luvunga  (Au- 
rantiaceae),  Olax  (Olacincic),  Hugonia  (Linacea?),  and  Strychnos  (Logani- 
aceae).  The  following  figure  exhibits  the  difference  in  thickness  between 
a  hook  which  has  and  one  which  has  not  come  into  contact  with  a  sup- 
port 


Fig.  47  iafter  Treub).   Hooks  of  Ufuaria  ovaiifoiia. 
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With  regard  to  traction,  we  learned,  in  our  consideration 
of  the  tensions  of  the  tissues  (p.  349)  that  it  promotes  the 
growth  of  the  cell  in  the  direction  in  which  it  is  applied,  as  is 
well  shewn  in  the  case  of  the  epidermal  and  hypodermal  cells 
of  etiolated  plants.  That  long-continued  traction  in  one 
particular  direction  promotes  growth  in  length  of  organs  in 
that  direction  is  illustrated  by  the  well-known  fact  that  the 
stems  of  trailing^  plants  which  grow  in  streams  are  longer 
when  the  current  is  swift  than  when  it  is  sluggish.  The  effect 
of  traction  is  apparently  only  distinctly  manifested  when  the 
traction  is  long-continued,  consequently  it  cannot  be  detected 
in  comparatively  brief  experiments.  Thus  in  Schwarz's  ex- 
periments upon  the  influence  of  centrifugal  force  upon  the 
rate  of  growth  in  length,  to  which  allusion  was  made  above, 
the  traction,  thoiu^h  it  must  have  been  considerable  in  view 
of  the  rapidity  of  rotation  (in  some  cases  156  revolutions  per 
minute,  when  the  centrifugal  force  was  twenty  times  as  great 
as  that  of  gravity),  exercised  no  perceptible  influence  upon 
the  growth  in  length  of  the  roots  during  the  experiment.  A 
singular  effect  of  traction  was  observed  by  Baranetzky  in  his 
researches  on  the  growth  in  length  of  stems  (see  p.  398). 
He  found,  namely,  that  when  a  stem  of  a  plant  on  the 
auxanometer  was  stretched  somewhat  by  the  weight  passing 
over  the  pulley  (see  Fig.  44),  its  rate  of  growth  was  retarded. 
The  significance  of  this  fact  is  not  clear,  but  it  would  appear 
that  in  this  case  the  traction  has  a  stimulating,  as  opposed  to 
a  simply  mechanical,  cticct. 

With  this  we  conclude  our  account  of  the  influence  of 
external  conditions  in  modifying  the  rate  of  growth  of  oigans. 
In  the  next  lecture  we  will  consider  their  influence  in  causing 
alterations  in  the  direction  of  growth. 
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Irritability  of  Growing  Organs  {conHn$ted). 

In  the  last  lecture  we  considered  the  irritability  of  grow- 
ing organs  as  exhibited  in  their  response,  by  alterations  in 
the  rate  of  their  growth,  more  particularly  of  their  growth  in 
length,  to  the  action  of  various  external  influences.  In  the 
present  lecture  we  will  further  pursue  the  study  of  this  subject 
by  considering^  the  response,  by  alterations  in  the  direction  of 
their  growth,  which  growing  organs  give  to  the  action  of 
external  agents. 

Before^  however^  we  can  enter  upon  the  consideration  of 
changes  in  the  direction  of  growth  due  to  the  action  of  ex- 
ternal stimuli,  we  must  ascertain  as  far  as  possible  what 
internal  intlucnccs  there  maybe  which  contribuie  to  determine 
the  direction  of  growth  of  an  organ.  We  learned,  in  a 
previous  lecture  (p.  360),  that  the  growth  in  length  of  an 
organ  rarely,  if  ever,  takes  place  in  a  straight  line,  in  con* 
sequence  of  spontaneous  heterauxesis,  but  that  its  apex 
nutates.  The  changes  in  the  direction  of  growth  which  con- 
stitute nuUition  arc,  however,  only  temporary ;  as  growth 
ceases,  the  axis  of  an  organ  becomes  approximately  straight. 
In  endeavouring  to  account  for  this  fact,  we  must  remember 
that,  in  nature,  plant-organs  are  exposed  to  the  action  of 
light,  of  gravity,  and  of  other  agents  which  tend  to  modify  the 
direction  of  their  growth.  We  must  not  assume,  simply 
because  we  see  that  a  stem  or  a  branch  is  straight,  that  it  has 
an  inherent  tendency  to  grow  in  a  straight  line,  for  its  straight- 
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ness  may  be  largely  due  to  the  action  of  light,  gravity,  etc. 
In  order  to  determine  whether  or  not  there  is  any  inherent 
tendency  in  a  plant-organ  to  grow  straight,  it  must  be  grown 
under  such  conditions  that  neither  light,  nor  gravitation,  nor 
any  other  external  agent,  can  exercise  any  directive  influence 
upon  it. 

The  directive  influence  of  an  external  agent  can  be  eliminated  in 
either  of  two  ways ;  by  lemoving  the  agent  altogether,  or  by  arranging 
that  all  sides  of  the  plant-organ  shall  be  equally  exposed  to  its  influence. 
Thus,  the  action  of  light  can  be  got  rid  of  by  placing  the  plant  in  dark* 
ness,  or  by  causing  it  to  revolve  so  that  each  side  of  the  organ  is  exposed 
for  equal  periods  of  time  to  light  falling  upon  it  in  any  given  direcdon. 
Similarly  the  effect  of  the  acdon  of  gravity  is  eliminated  by  causing  the 
organ  to  rotate  slowly  round  a  horizontal  axis,  so  that  each  side  of  the 
organ  makes  any  given  angle  with  the  line  of  action  of  gravity  for  equal 
periods  of  dme. 

The  instrument  for  slow  rotation  of  this  kind  is  known  as  the  "  Clino- 
Stat,"  and  we  owe  its  introduction  into  experimental  physiology  to  Sachs. 
Annexed  is  a  figure  of  a  convenient  form  of  dinostat. 


Fig.  48  (after  F.  Darwin).   The  Clinostat. 

It  consists  of  a  stand,  bearing  two  upright  supports,  j,  j,  on  which 
the  spindle,  k,  rests.  The  spindle  bears  near  one  end  the  two  driving- 
wheels,  W  and  over  cither  of  which  the  driving-cord,  dr^  connected 
with  the  clock-work  below,  may  be  led.  The  spindle  rests  towards  its 
other  end  on  friction-wheels,  /r,  and  is  screwed  on  to  a  metal  plate  which 
plays  freely  between  the  metal  plate  ///  and  the  disc  of  wood,//,  to  which 
the  box  B  (containing  in  this  case  a  flowcr-pot)  may  be  fixed  by  means  of 
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the  tcnm  ifu  The  weight,  GomtcriMdaiioes  tibe  bos  aad  anythiog  it 
msy  comtftui* 

In  order  to  ensure  tlie  aecemry  unifonnity  of  rotation  it  is  neccusry 
that  the  centre  of  gravity  of  the  bos,  and  its  contents  should  lie  in  the 
aadsof  roCadoB.  The  centering  is  effected  by  altering  the  position  of  tlie 
above-named  movable  biass  plate^  which  lies  in  a  chamber  between  m 
and  ^  and  wliidi  can  be  fixed  in  any  requisite  position. 

A  great  number  of  experiments,  with  the  solution  of  this 
problem  as  their  object,  have  been  made  by  Vochting.  He 
has  found,  in  the  case  of  peduncles,  branches,  primary  shoots 
and  roots,  that  when  these  organs  are  withdrawn  as  far  as 
possible  from  the  action  of  all  external  directive  infiuenoesy 
their  axes  of  growth  are  nearly  straight.  In  certain  cases  he 
observed  that  organs  'Ahich  had  been  purposely  induced  to 
curve,  stra!i;htcned  themselves  out  during  the  course  of  the 
experiment.  The  only  at  all  satisfactoxy  account  is  that 
offered  by  Vochting,  that  growing  organs  possess  a  tenden^, 
which  he  calls  RecHpeiuUty,  to  grow  in  a  straight  line^  and  so 
far  as  anything  is  known  about  it  at  present,  this  tendency 
appears  to  be  inherent  in  them. 

But  we  have  yet  more  to  learn  about  the  directions  of 
growth  spontaneously  assumed  by  growing  organs.  In  order 
to  pursue  this  subject  we  must  revert  to  the  fact  mentioned  in 
the  first  lecture  (p.  9)  that,  with  the  exception  only  of  plants 
of  the  lowest  organisation,  the  plant-body  presents  a  distinc- 
tion of  a  base  and  of  an  apex,  and  that  the  line  joining  the 
base  and  the  apex  is  the  line  along  which  growth  in  length 
takes  place  (also  p.  360).  We  svill  now  further  elucidate  this 
by  reference  to  examples.  Let  us  consider,  first,  the  fila- 
mentous body  of  an  Oedogonium.  One  end  of  the  body  is 
attached,  the  other  is  free ;  the  former  is  the  base  and  the 
latter  the  apex ;  the  line  joining  the  two  is  the  axis  of  growth. 
The  growth  in  length  of  the  body  is  not,  however,  localised  in 
this  case  at  either  the  base  or  the  apex,  but  it  elnn^^ates  by 
the  growth  of  all  its  constituent  cells;  its  growth  is  intercalary. 
In  a  plant-body  of  somewhat  higher  organisation,  such  as  that 
of  a  Fucus,  we  find,  as  in  Oedogonium,  the  distinction  of  a 
base  and  an  apex.  We  find»  however,  in  a  body  of  this  kind, 
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that  aii  the  cells  are  not  capable  of  growth,  but  that  certain, 
cells  only  can  grow,  and  that  these,  stating  the  matter,  in  its 
simplest  form,  are  confined  to  the  apex,  constituting  what  we 
know  as  Sifunctum  vegetatumis  (p.  338).  In  a  typical  embryonic 
Vascular  Plant  we  find  that  the  body  presents  a  higher  degree 
of  complexiU  ,  in  that  a  punctum  vegetationis  is  present  at 
each  end  of  its  axis  of  growth.  In  this  case  the  body  consists 
of  two  well-defined  members,  each  having  its  free  apex  and 
pundum  vegeialumis,  their  common  base  being  the  plane  along 
which  they  are  welded  together.  If,  as  is  quite  permissible, 
we  compare  the  body  of  a  Fucus  to  a  cone  standing  on  its 
base,  the  punctmn  vcgctatio)iis  being  al  the  apex,  wc  must 
compare  the  body  of  the  Vascular  Plant  to  two  cones  with 
their  bases  in  contact  These  two  members,  as  we  shall 
learn  hereafter,  possess  different  kinds  and  d^rees  of  irri- 
tability, and  on  this  account  we  call  them  by  different  names; 
the  one  we  call  the  primary  shcot,  the  other  the  primary 
root. 

If,  now,  wc  observe  the  course  of  growth  in  these  various 
plant-bodies,  we  find  in  Oedogonium  and  m  Fucus,  that  the 
axis  of  growth  is  approximately  a  straight  line.  Similarly,  the 
axes  of  growth  of  both  the  primary  shoot  and  the  primary  root 
of  the  embryonic  Vascular  Plant  are  approximately  straight 
lines;  their  axes  of  growth  form,  in  fact,  one  continuous  straight 
line ;  but  the  growth  in  length  of  primary  shoot  and  primary 
root  takes  place  in  opposite  directions  along  this  straight  line. 
This  opposition  in  the  direction  of  growth  of  primary  shoot 
and  primary  root  is  a  point  of  great  importance  in  the  subject 
with  which  we  are  now  engaged. 

We  may  now  proceed  to  enquire  somewhat  into  the 
causation  of  these  phenomena,  in  order  to  ascertain  how  far 
they  are  the  expression  of  tendencies  inherent  in  the 
plants. 

The  body  of  an  Oedogonium  is  developed  from  a  zoospore 
which  is  ovoid  in  form  and  moves  by  means  of  a  circlet  of 
cilia  surrounding  the  more  pointed  end  which  is  hyaline  and 

uncoloured.  As  the  zoospore  swims,  the  pointed  end  is 
directed  forwards^  and  when  it  comes  to  rest  the  zoospore 
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attaches  itself  by  this  end,  which  accordingly  becomes  the 
base  of  the  new  plant.  The  egg  or  oospore  from  which  the 
body  of  Fucus  is  developed  does  not  present  this  distinction 
of  two  ends,  this  polarity  as  we  ma}'  term  it,  and,  inasmuch  as 
it  is  spherical,  it  is  not  easy  to  ascertain  whether  or  not  it  is 
always  one  particular  area  of  the  surface  of  the  c^^  which 
becomes  attached  and  constitutes  the  base  of  the  young  plant 
However  this  may  be,  it  is  certain  that  that  portion  of  its 
surface  which  becomes  attached  always  becomes  the  base,  and 
the  diametrically  opposite  surface  always  becomes  the  apex, 
of  the  young  plant.  In  the  case  of  the  Vascular  Plant,  wc 
find,  as  I  have  elsewhere  pointed  out,  that,  in  the  development 
of  the  embryo,  primary  stem  and  j^rimary  root,  when  these 
members  are  present,  are  always  developed  from  diametrically 
opposite  segments  of  the  egg  or  oospore.  Taking  all  these 
facts  into  consideration,  it  may  be  fairly  concluded  that  the 
distinction  of  base  and  apex  and,  in  Vascular  Plants,  the 
opposite  direction  of  growth  of  primary  stem  and  primary  root 
are  not  induced  by  any  external  influences  but  are  inherent  in 
the  plant.  In  the  case  of  Oedc^onium,  where  the  repro- 
ductive cell  itself  already  presents  evident  polarity,  the 
polarity  is  impressed  upon  it  by  the  parent  plant 

In  contrasting  just  now  the  general  morphology  of  a 
Fucus  with  that  of  a  Vascular  Plant,  we  compared  the  bod\ 
of  the  former  to  a  cone  standing  on  its  base,  and  that  of  the 
latter  to  two  cones  joined  by  their  bases,  the  apex  of  the  cone 
being  in  all  these  cases  a punctum  vegetationis.  We  will  now 
somewhat  increase  the  complexity  of  our  conception  of  the 
plant-body.  We  will  imagine  that  the  single  case  which 
corresponds  to  the  main  body  of  Fucus,  and  the  two  cones 
constituting  that  of  the  Vascular  Plant,  bear  other  cones  upon 
their  flanks,  these  lateral  cones  bein^  attached  by  their  bases 
and  having  their  apices  free.  These  cones  may  be  taken 
to  represent  lateral  branches,  which,  like  the  parent-member, 
present  a  distinction  of  base  and  apex,  and  each  of  which 
possesses  a  growing-point  at  its  apex.  We  obtain  in  this 
way  a  simple  idea  of  the  composition  of  a  plant- body  in  which 
branching  takes  place. 
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The  mode  of  branching,  the  angle  which  the  branches 
make  with  the  primaiy  shoot  or  root,  if  it  persists,  and  with 
each  other,  is  a  very  characteristic  feature  in  the  habit  of 
a  plant   We  naturally  assikme  that  light  and  gravity  must 

exercise  a  considerable  influence  in  determining  the  form 
of  branching  of  a  plant,  but  we  are  now  principally  concerned 
with  the  question  as  to  whether  or  not  there  is  any  inherent 
tendency  which  constitutes  to  determine  the  form  of  branching 
which  any  particular  plant  presents. 

In  the  course  of  his  observations  upon  the  "  Mobility  of 
Plants,"  Dutrochet  was  led  to  consider  the  relation  of  branches 
to  the  axes  bearing  them,  and  he  came  to  the  conclusion,  on 
grounds  which  we  shall  become  acquainted  with  hereafter 
when  we  are  considering  the  relation  between  the  direction 
of  growth  of  shoots  and  roots  to  the  plane  of  the  substratum 
bearing  them,  that  the  relation  between  axis  and  branches  is 
of  such  a  kind  that  the  angle  between  them,  in  so  far  as  it  is 
not  modified  by  external  influences,  is  uniformly  a  right 
angle.  It  docs  not  appear,  however,  at  least  as  far  as  roots 
are  concerned,  that  the  angle  in  question  is  necessarily  a 
right  angle.  In  his  researches  upon  the  growth  of  the  roots  of 
seedlings,  Sachs  established  the  following  facts  concerning 
this  angle,  the  proper  angle  as  he  terms  it :  the  lateral  roots 
w  hich  arise  near  the  apex  of  the  primary  root  make  an  acute 
anc^le  with  the  acroscopic  portion  of  it  :  those  which  arise 
near  the  base  of  the  primary  root  are  nearly  horizontal,  so 
that  their  proper  angle  is  approximately  a  right  angle :  those^ 
finally,  which  arise  at  the  junction  of  the  root  with  the  hypo- 
cotyl,  or  from  the  hypocotyl  itself,  form  an  obtuse  angle  with 
the  primary  root  and  an  acute  angle  with  the  hypocotyl,  so 
that  in  this  case  the  proper  an^lc  is  greater  than  a  right  angle. 
The  directive  influence  of  the  parent-axis  upon  the  branch  is 
not,  then,  as  Dutrochet  thought,  simply  an  instance  of  the 
relation  existing  between  an  organ  and  its  substratum,  but  it 
is  a  manifestation  of  correlation  of  growth.  The  existence  of 
such  a  correlation  of  growth  between  axis  and  branch  is 
placed  beyond  doubt  by  the  fact,  which  has  been  frequently 
observed  in  certain  species  of  Pinus  and  Abies,  that  if  the 
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growing  apex  of  the  primary  shoot  be  destroyed,  one  of  the 
adjacent  latml  branches  will  curve  upwards  and  will  take  on, 
at  the  same  time^  die  properties  of  a  primaiy  member.  Sachs 
has  observed  that  the  same  thing  happens  in  the  case  of 

roots. 

Wc  see,  then,  that  the  direction  of  <^rowth  <^f  organs  is  to 
some  extent  determined  by  their  own  proper  rectipetaiity, 
and  by  the  relation  existing  between  them  as  members  of  one 
plant,  between  primaiy  shoot  and  primaiy  root,  and  between 
lateral  branch  and  parent-axia 

We  have  yet  to  enquire  into  the  relation  of  organs  possess- 
ing different  physiological  piopci  tics  to  the  action  of  external 
stimuli  as  affectin*^  the  direction  of  their  growth.  Some  light 
will  be  thrown  on  the  matter  by  a  consideration  of  those  spon- 
taneous changes  in  the  direction  of  growth  with  which  we 
became  acquainted  in  a  previous  lecture  <p.  360)  under  the 
term  Nutation.  We  then  found  that  heterauxesis  manifests 
Itself  in  a  characteristic  way.  The  stems  of  some  plants,  for 
instance,  exhibit  circumnutation  in  its  most  typical  form  (sqc 
diagram,  p.  364)  :  others  exhibit  simple  nutation,  and  others, 
again,  exhibit  that  form  of  heterauxesis  which  we  have  become 
acquainted  with  under  the  terms  ^epinasty''  and  '^hypo- 
nasty  "  (p.  366).  The  form  of  heterauxesis  which  an  oigan 
exhibits  affords  us  an  insight  into  its  nature.  In  the  case  of 
an  organ  exhibiting  rcvolvini;  nutatiun,  each  side  is  in  Uim 
the  one  which  is  growing  witli  the  greatest  rapidity;  this  we 
may  take  to  be  an  indication  of  what  may  be  termed  radial 
iwti»r9^  In  a  case  of  simple  nutation,  the  heterauxesb  Is 
exhibited  alternately  by  the  two  opposite  sides  of  the  oigan ; 
this  we  may  take  to  be  an  indication  of  bHatmd  naimrw. 
Finally,  organs  exhibiting  epinasty  and  hyponasty  are  also 
physiologically  bilateral. 

It  may  be  conveniently  mentioned  here,  that,  in  many 
cases,  the  symmetry  of  form  of  an  organ  corresponds  with  its 
'  physiological  nature.  Thus  all  oigans  which  are  physiologi- 
cally radial  present  also  a  radial  S3rfflmetry  of  form.  But 
the  converse  does  not  hold,  that  Is,  not  all  organs  possessing 
a  radial  bymmctry  of  form  are  ladial  from  the  physiological 
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point  of  view.  In  support  of  this  it  may  be  repeated  that 
radially  symmetrical  organs,  like  primary  shoots  (see  p.  367), 
veiy  frequently  exhibit  simple  nutation,  and  also  hypotasty 
and  eptnasty ;  further  evidence  of  the  bilateral  nature  of  some 
radially  symmetrical  or^ns  will  be  brought  forward  when  we 
are  considering  the  effect  of  the  action  of  external  influences. 
Again,  organs  which  have  a  bilateral  symmetry  of  form  physio- 
logically are  bilateral ;  but  physiological  bilaterality  is  not 
confined  to  organs  with  bilateral  symmetry,  for,  as  we  have 
just  seen,  bilateral  nature  is  manifested  by  some  radially 
symmetrical  organs. 

With  regard  to  bilateral  symmetry,  there  are  two  cases  to 
be  clearly  distinguished  ;  that,  namely,  in  which  the  two  flat- 
tened surfaces  are  the  flanks  of  the  organ,  and  that  in  which 
they  are  respectively  superior  and  inferior.  Striking  examples 
of  these  two  kinds  of  bilateral  symmetry  are  to  be  found 
amongst  leaves :  the  flattened  leaves  of  some  species  of  Iris 
exhibit  bilateral  symmetry  of  the  former  kind,  in  that  their 
plane  of  extension  is  the  antero-posterior  plane ;  but  the  bi- 
lateral symmetry  of  the  great  majority  of  leaves  is  of  the  latter 
kind,  for  they  are  extended  in  the  transverse  plane,  and  thus 
present  an  upper  and  a  lower  surface,  whence  they  are  said  to 
be  dorsivmtmi  (p.  366).  The  difference  in  external  symmetiy 
is  connected  with  diflferences  in  internal  structure  and  in 
properties.  In  the  case  of  the  simply  bilateral  or  isobilateral 
organs,  the  internal  structure  of  the  two  sides  is  symmetrical, 
whereas,  in  the  case  of  the  dorsiventrally  bilateral  organs,  the 
internal  structure  differs  in  the  neighbourhood  of  the  two 
surfaces.  Again,  simple  nutation  is  characteristic  of  isobi- 
lateral organs,  whereas  epinasty  and  hyponasty  are  character- 
istic of  dorsiventral  organs. 

We  may  now  pass  to  consider,  in  the  most  general  way,  the 
relation  of  plant-organs  of  different  physiological  properties  to 
the  action  of  external  influences.  We  can  judge  of  the  nature 
of  their  response  from  the  positions  which  they  take  \tp  in  the 
course  of  their  growth  under  normal  conditions.  The  posi- 
tions which  the  org;ins  take  up  under  these  circumstance.-,  are 
most  various :  thus,  most  primary  roots  are  directed  vertically 
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downwards  and  most  primary  shoots  vertically  upwards, 
whilst  lateral  branches,  both  of  roots  and  shoots,  are  usually 
inclined  to  the  vertical.  We  see  at  once  that  the  response  of 
different  organs  to  the  action  of  external  influences  is  by  no 

means  the  same,  but  that  each  responds  in  a  manner  peculiar 
to  it.-,cll.  The  organs,  to  use  Sachs'  apt  expression,  are 
Of tiso tropic,  that  is  to  say,  they  are  endowed  with  different 
kinds  of  irritability  and  in  different  degrees.  On  this  basis, 
we  can  at  once  classify  all  organs  into  two  great  groups; 
those,  namely,  which  grow  more  or  less  nearly  vertically, 
either  upwards  or  downwards,  and  those  which  grow  inclined 
at  a  f^rcatcr  or  a  smaller  anf^le  to  the  vertical.  The  organs  of 
the  former  group  are  termed,  in  accordance  with  Siicli-  pro- 
posed nomenclature,  arthotrapic,  those  of  the  latter  pkigw- 
tropic  To  the  former  group  belong  the  great  majority  of 
organs  which  are  ph3^iologically  radial,  as  well  as  isobilatenJ 
organs  such  as  the  Iris-leaves  ;  to  the  latter  belong  all  organs 
which  are  dorsiventrally  organised.  If  we  now  enquire  into 
the  causes  which  determine  the  position  of  a  plant-organ, 
we  find  that  it  must  depend  upon  its  peculiar  irritability,  and 
upon  a  certain  balance  between  the  responses  given  by  the 
organ  to  the  various  directive  influences  which  act  upon  it 
The  orthotropism  of  radial  and  of  isobilateral  organs,  and 
the  plagiotropism  of  dorsiventral  organs  depends  in  each 
case  upon  the  peculiar  irritability  associated  with  their  nature, 
and  upon  a  certain  relation  between  the  responses  which  they 
give  to  the  action  of  light,  of  gravity,  etc. 

We  may,  before  leaving  the  subject,  briefly  enquire  into 
the  causation  of  tliese  different  kinds  of  physiological  nature. 
In  some  cases  they  can  only  be  accounted  for  by  regarding 
them  as  inherent  in  the  constitution  of  the  organ.  This 
appears  to  be  the  case,  for  example,  with  regard  to  the  radial 
and  isobilateral  oi^ans,  and  also  with  regard  to  certain  dorsi- 
ventral ofgans^  such  as  most  leaves,  and  lateral  branches, 
particularly  those  of  forest-trees  in  which,  according  to  Sachs 
and  to  Frank,  the  dorsiventrality  is  entirely  due  to  internal 
causes.  In  other  cases  dorsiventrality  is  induced  uudci  the 
intiuence  of  external  conditions,  more  particularly  of  light 
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A  few  instances  of  this,  illustrating  the  different  degrees  in 
which  dorsiventrality  can  be  impressed  upon  the  plant,  will 
be  of  interest.  We  will  begin  with  an  instance  of  what  we 
may  call  a  slightly  dorsiventral  organ.   Sachs  has  observed 

that  the  young  primary  shoot  of  Tropcsolnm  majus  is  at  first 
urLli(jtropic,  and  that  the  exposure  of  one  side  of  the  older 
internodes  to  intense  light  for  a  time,  causes  a  considerable 
curvature  so  that  the  shoot  becomes  plagiotropic.  It  has 
also  become  physiologically  dorsiventral,  the  illuminated  side 
being  the  upper  surface,  but  this  is  not  strongly  marked 
either  in  its  external  form  or  internal  structure  \  it  is  radially 
symmetrical  and  the  spiral  phyllotaxis  remains,  but  the 
ventral  (inferior)  surface  has  a  tendency  to  form  roots  which 
the  dorsal  (superior)  surface  has  not.  Nor  has  the  dorsi- 
ventrality penetrated  deeply  into  the  constitution  of  the 
shoot,  for  the  exposure  of  any  side  of  it,  so  long  as  it  is  still 
growing,  for  a  time  to  intense  light  suffices  to  cause  that  side 
to  become  the  dorsal  superior)  surface  and  the  opposite  side 
the  ventral  (inferior)  surface.  A  similar  case,  but  one  in  which 
the  dorsiventral  nature  is  more  marked,  is  described  by  Sachs 
in  the  Ivy.  The  primary  shoot  of  the  seedling  is,  like  that 
of  Tropaeolum,  at  first  orthotropic,  and  radial,  but  exposure 
to  light  on  one  side  causes  it  to  curve  so  that  it  is  almost 
horizontal,  the  illuminated  side  being,  in  this  position,  the 
uppermost.  It  is  then  plagiotropic  and  exhibits  evident 
dorsiventrality  ;  the  leaves,  instead  of  being  spirally  arranged 
as  they  are  in  the  orthotropic  shoot,  come  to  be  arranged 
in  two  lateral  rows,  and  the  inferior  (ventral)  surface  produces 
rootlets.  The  dorsiventrality  penetrates  more  deeply  into 
the  constitution  of  the  Ivy-'shoot  than  it  does  in  the  case  of 
the  Tropcijolum-shoot,  but  it  is  still  capable  of  alteration  : 
Sachs  found,  namely,  that  when  a  dorsiventral  Ivy-shoot 
was  exposed  to  light  on  one  side  for  three  or  four  weeks, 
the  illuminated  side  became  the  dorsal,  and  the  opposite 
side  the  ventral  surface,  that  dorsiventrality  was  induced 
in  a  fresh  plane.  In  the  thalloid  shoot  of  Marchantia 
wc  have  a  remarkable  case  of  the  induction  of  dorsiven- 
trality, and  of  permanent  dorsiventrality.    We  will  trace  the 
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development  of  the  thalloid  shoot — which,  for  the  sake  of 
brevity  we  will  term  the  thallus — from  one  of  the  gemoue  of 
tile  plant.  The  gemma  is  a  small  discoid  lenticular  mass  of 
pafcndiyiiiatous  ceUs,  with  two  diametrically  opposite  depm- 
aions  in  its  lateral  maigtna.  It  is  bilaterally  symmetrical,  and  it 
notdoralvenUal ;  but  whichever  erf*  the  two  surfaces  happens  to 
come  into  contact  with  the  soil  when  the  gemma  is  sown, 
becomes  and  remains  the  ventral  surface,  whereas  the  upper 
surface  becomes  and  remains  the  dorsal  The  internal  struc- 
ture, at  first  homogeneous  througlioat  (see  Fig.  49}  undeigoes 


Fig.  49  gaiter  I'fctVer).  Gemma  of  Marchantia  as*  ^ccn  in  transverse  section,  Ujc 
plane  of  section  being  across  from  one  lateral  depression  (growing-point)  to 
the  odier.  €,  cells  cipalile  of  developing  root<liftirs;  <r,  growing-point;  d, 
the  margin  of  the  gemma  projecting  on  die  finther  dde  of  the  depreiiion 

considerable  modification  as  the  gemma  developes  into  the 
thallus,  presenting,  towards  the  upper  surface  the  characteristic 
air-chambers  ;  the  lower  surface  bears  a  large  number  of  root- 
hairs.  The  thallus  is  then  distinctly  dorsiventral.  The 
induction  of  dofsiventrality  may  probably  be  partly  due,  as 
Pfeflfer  suggested,  to  the  action  of  gravity  and  to  the  effect  of 
contact  with  the  substratum,  but  is  chiefly  due,  as  Zimmer* 
mann  has  clearly  shewn,  to  the  influence  of  light.  It  is,  under 
all  circumstances,  the  shaded  side  of  the  gemma  which 
becomes  the  ventral  surface  of  the  thallus,  and  conversely  it  is, 
under  all  circumstances,  the  illuminated  side  of  the  gemma 
wliich  becomes  the  dorsal  surface  of  the  thallus.  When  once 
induced,  the  dorsivetttrality  of  tlie  Marchantiarthallus  appears 
to  be  irreversible.  In  comparing  Mardiantia  with  Tropsolimi 
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Sachs  well  says  that  ''Marchantia  behaves  to  intense  light 
like  hard  steel  to  a  ma^et ;  the  steel,  under  the  influence  of 
the  magnet  itself  becomes  a  magnet  with  fixed  poles  ;  Tro- 
pseolum,  on  the  other  hand,  behaves  to  intense  light  like  soft 

iron  to  a  magTiet ;  the  soft  iron  assumes  a  definite  but  tem- 
porary polarity  which  disappears  when  the  induence  of  the 
magnet  is  withdrawn." 

The  cases  of  induced  dorsiventrality  which  have  been 
described  all  refer  to  primary  shoots.  We  will  now  briefly 
consider  the  case  of  lateral  branches.  We  can  easily  under-* 
stand  how  dorsiventrality  could  be  induced  in  them,  for  they  are 
developed  in  an  oblique  position  to  begin  with.  It  appears 
that  such  an  induction  does,  as  a  matter  of  fact,  take  place  in 
the  Coniferae  which  differ  in  this  respect  from  dicotyledonous 
forest-trees,  the  lateral  branches  of  which,  as  already  mentioned, 
(p.  424),  are  inherently  dorsiventral.  Frank  found,  namely, 
and  his  observation  has  been  confirmed  by  de  Vries,  that  in 
whatever  position  the  lateral  branch  of  any  one  of  the  many 
Conifers  observed  was  allowed  to  dcvelope  from  the  bud,  the 
upper  surface  became  the  dorsal  surface  and  the  lower  the 
ventral.  Light  seems  to  take  some  part  in  inducing  the 
dorsiventrality,  though  it  is  induced  in  branches  grown  in  the 
dark,  so  that  probably  gravitation  is  the  principal  inducing 
agent  in  these  cases. 

Having  now  obtained  the  requisite  preliminary  inform- 
ation as  to  the  internal  influences  which  contribute  to  deter- 
mine the  direction  of  growth  of  plant-organs,  and  as  to  their 
properties,  we  may  go  on  to  consider  the  eflect  of  external 
stimuli  in  modifying  the  direction  of  growth. 

Radiant  Efiergy.  In  our  consideration  of  the  influence  of 
light  upon  the  rate  of  growth,  it  was  tacitly  assumed  that  all 
sides  of  the  growing  organ  were  symmetrically  exposed  to 
light  We  have  now  to  deal  with  phenomena,  included 
under  the  general  term  Hilictrofism,  a  term  which  we  owe  to 
Frank,  which  are  exhibited  when  the  growing  organ  is  not 
symmetrically  illuminated  on  all  sides.  It  w\\\  be  convenient 
to  discuss  separately  the  phenomena  exhibited  by  organs  of 
different  physiological  properties. 
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It  is  a  matter  of  common  observation  that  when  plants  are 
grown  in  a  window,  that  is,  under  conditions  in  which  light 
falls  laterally  upon  them,  their  stems  curve  towi&rds  the  light; 
and  their  leaves  place  themselves  so  that  the  nys  of  light 
entering  by  the  window  fall  as  nearly  as  possible  perpen- 
dicularly upon  their  upper  surfaces.  Confining  our  attention 
to  the  radial  organ,  the  stem,  we  see  that  it  curves  in  sirch  a 
way  as  to  direct  its  apex  towards  the  source  of  light,  that  light, 
in  fact,  induces  heterauxesis.  Organs  which  behave  in  this  way 
are  said  to  be  fasitivefy /uliotr^ic^  or,  to  use  Darwin's  termtno- 
logy,  simply  hdiotropic.  It  may  be  stated  that,  as  a  general 
rule,  radial  shoots  and  leaves — ^using  the  word  shoot  in  the 
wide  sense  in  which  Sachs  employs  it — are  positively  helio- 
tropic.  As  examples  we  may  niciUiiJii  primar}'  shouts,  in- 
cluding the  delicate  stems  of  Chara  and  Nitella  (Hofmeister), 
many  peduncles,  the  multicellular  stipes  of  some  Fungi  such 
as  species  of  Coprinus  (Hofmeister),  and  CUtunc^s  purpmrm 
(Duchartre),  the  sporangiferous  hyphae  of  unicellular  Fungi 
such  as  Mucor  and  Pilobolus  (Hofmeister,  Sorokin),  the  fila- 
ments of  unicellular  Ali:^aj  such  as  Vaucheria.  Among  leaves, 
examples  are  aliorded  by  the  long  radial  leaves  of  various 
Monocotyledons,  such  as  those  of  the  Onion.  Positive  helio- 
tropism  has  also  been  observed,  as  an  exceptional  caae»  by 
Hofmeister  in  old  roots  of  Ranunculus  aq$uUiiis,  and  hy 
Wiesner  in  tiie  roots  of  the  Onion  {Allium  sativum),  but  it  is 
not  well  marked,  and  is  only  exhibited  when  the  light  is 
intense. 

But  the  heterauxesis  of  a  growing  organ  when  light  falls 
laterally  upon  it  is  not  in  all  cases  such  that  its  apex  comes 
to  be  directed  towards  the  source  of  light  In  some  cases  the 
organ  curves  in  the  opposite  direction,  so  that  its  apex  is 

directed  duay  from  the  source  of  light.  Organs  whicli  exhibit 
this  kmd  of  curvature  are  said  to  be  negatively  fitiiui topic,  or, 
to  use  Darwin's  terminology,  apJieliotropic,  N^ative  helio- 
tropii^m  has  been  frequently  observed  in  roots ;  in  most  aerial 
roots,  for  instance  (Wiesner) ;  in  many  ordinaiy  roots  (Wies> 
ner) ;  the  root*hlaiirs  of  Marchantia.  Schmits  states  that  the 
mycelial  filaments  of  Rhizomorpha  {Agaricus  melieus)  are 
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negatively  heliotropic,  but  Brefeld  has  been  unable  to  con- 
firm this  observation.  With  regard  to  shoots,  the  hypocotyl 
of  Viscom  (Mistletoe)  is  negatively  heliotropic  (Dutrochet, 
Wiesner).  It  may  be  also  mentioned  here,  as  a  matter  of 
historical  interest,  that  the  discovery  of  negative  heliotropism 
was  made  by  Knight  in  his  observations  on  the  tendrils  of 
Vitis  and  Ami  Llnpsis.  The  consideration  of  their  heliotropic 
properties  will  be  deferred  until  we  come  to  treat  of  dorsi- 
ventral  oigans  (p.  443). 

It  is  stated  that  some  organs  exhibit  at  one  time  positive, 
and  at  another  negative,  heliotropism.  Thus,  according  to 
Sachs,  the  intcrnodes  of  Tropccoliim  majus  when  young  are 
positively  heliotropic,  whereas  when  they  are  older  they  are 
negati\  ely  heliotropic,  and  this  is  true  also  of  the  hypocotyl 
of  the  Ivy.  Wiesner  has  observed  an  apparent  change  in 
heliotropic  properties  in  the  stems  of  GaUum  tfefptm  and 
MoUugo^  and  in  radial  shoots  of  Comus  mas  and  sanguinea* 
The  same  has  been  observed  in  the  peduncles  of  Erodium 
cicutariiini  and  in  those  of  Tanuaaum  ojjicinaU  by  Vochting. 
In  all  these  cases  the  organs  exhibit  positive  heliotropism 
when  exposed  to  feeble  light,  and  negative  heliotropism  when 
exposed  to  strong  light  But  it  is  a  question  if  we  have 
really  to  do  here  with  a  reversal  of  heliotropic  properties.  We 
know  already  {supra,  p.  425)  that  exposure  to  intense  uni- 
lateral illumination  causes  a  change  in  the  nature  of  the 
primary  shoots  of  Tropaiolum  and  of  the  Ivy  ;  from  being 
radial  they  become  dorsiventrai.  It  is  highly  probable  that 
in  all  these  cases  the  apparent  reversal  of  heliotropic  pro- 
perties is  simply  the  expression  of  such  a  change  of  nature. 
We  will  further  consider  this  subject  when  we  are  dealing 
with  the  influence  of  light  upon  dorsiventrai  or^^ans. 

But  there  are  cases  of  a  reversal  of  heliotropic  properties 
which  is  apparently  not  due  to  a  variation  in  the  intensity  of 
the  light,  though  no  precise  statement  is  made  on  this  point 
in  the  account  of  the  observations^  but  is  dependent  upon  the 
biological  conditions  of  the  ofgans.  Hofmeister  states  that 
the  floral  peduncle  of  Linaria  Cymbalaria  is  positively 
heliotropic,  but  that  when  the  fruit  has  replaced  the  flower 
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Lhc  pciluncic  i.s  negatively  hclii )lrupic,  and  Wiesntjr,  that  the 
peduncle  ui'  Ilclhvitluinuiii  vulgare  is  negatively  heiiotropic 
after  fertilisation  has  taken  place. 

It  will  be  readily  underatood  that,  in  the  course  of  its 
growth,  a  heiiotropic  oi^gan  may  take  up  a  definite  positloD 
with  reference  to  the  direction  of  the  incident  rays  of  light, 
a  position  which  we  will  term  the  fixed  light-position.  The 
most  striking^  examples  of  this  are  afiurded  by  inflorescences, 
particularly  those  which  are  capitulate  or  umbeUate*  In  most 
caies  when  theae  infloieacences  stand  in  the  open,  so  that 
they  are  fully  eseposed  to  light,  they  stand  erect,  and  when 
they  are  shaded  on  one  side^  as  when  tiiey  grow  in  a  hedges 
they  curve  so  that  the  upper  surface  of  the  inflorescence  is 
exposed  to  the  brightest  incident  light.    Wiesner  mentions, 
as  examples  of  this,  ChrysaniJietnum  Leucanthemum,  Ackillm 
wUikfoUa^  AtUhriscta  vu^ariSf  A^gopodmm  Padagraria.  etc 
In  other  cases  the  fixed  light-position  is  a  difierent  one.  The 
flowers,  or  more  correctly  liie  Inflorescences,  of  the  Sunflower 
{HeUanUkus  anmuus),  even  when  the  plant  is  growing  quite  in 
the  upen.  direct  their  superior  surfaces,  not  ujiwards,  but  to 
some  quarter  of  the  compass,  usually  to  the  south-east.  This 
peculiarity  cannot  as  yet  be  fully  accounted  for,  though  it 
doubtless  depends  upon  some  special  form  of  heiiotropic 
irritability.  A  due  to  the  explanation  of  it  is  afforded  by 
investigatiOTs  which  have  been  made  upon  the  assumption  of 
their  various  fixed  light-positions  by  dorsiventral  organs,  a 
subject  which  wc  shall  fully  discuss  heicaiter  (p.  447). 

Some  radial  organs  do  not,  however,  assume  a  fixed  light 
position,  but  follow  the  daily  course  of  the  sun  to  a  greater 
or  less  extent  It  is  usually  accepted  as  a  foct  that  this  is 
the  case  in  the  Sunflower,  but  Wiesner  has  found  that  .it 
is  not  so.  Under  normal  conditions  the  inflorescences  of  the 
Sunllower  assume  a  fixed  light- position  as  described  above; 
it  is  only  when  the  peduncles  are  partially  etiolated  that  any 
daily  movement  can  be  detected.  Such  a  movement  does, 
however,  occur  in  various  degrees  in  difierent  plants.  Thna^ 
in  Simdms  arvmsts^  according  to  Wiesner,  the  flowefs  are  di- 
rected  early  in  the  morning  towards  the  cast,  and  th^  travel 
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until  they  point  to  the  south-east  ;  they  remain  in  this  posi- 
tion until  the  evening,  and  tiien  curve  so  that  their  superior 
surfaces  are  directed  upwards.  The  explanation  of  tibis  is 
stmple.  The  nys  of  the  rising  sun  cause  a  positively  helio- 
tropic  curvature  of  the  peduncle,  so  that  the  flower  points 
towards  the  east,  and  for  a  time  the  peduncle  continues  to 
curve  so  that  the  flowLi  follows  the  sun.  When  the  hght 
becomes  intense,  the  growth,  and  consequently  the  curvature, 
of  the  peduncle  is  arrested,  and  the  flower  is  fixed  in  the 
position  which  it  then  occupies^  a  position  usually  such  that 
it  points  to  the  south-east.  In  the  evening  the  peduncle 
straightens  itself  under  the  influence  of  gravity,  so  that  the 
flower  is  directed  vertically  upwards.  A  more  striking  case 
is  afforded  by  Tragopogon  orutitale.  In  this  plant  the  growth 
of  the  peduncle  is  not  arrested  by  the  intense  iight»  so  that 
the  positively  heliotropic  curvature  continues  all  day,  and  the 
flower  follows  the  sun,  though  the  movement  is  less  active  in 
the  afternoon  than  in  the  morning.  In  the  evening  the 
peduncle  begins  to  straighten  itself  under  the  influence  of 
gravity.  Wiesner  mentions  as  other  instances  of  more  or  less 
well-marked  movement,  Leontodmi  hastUu,  Fapaver  Rhoeas^ 
Reammrnlus  arvensis. 

In  many  cases,  finally,  the  ultimate  position  which  the 
organs  assume  appears  to  be  independent  of  the  influence  of 
light.  Wiesner  mentions  as  examples  the  inflorescences  of 
Verbascum,  of  Dipsacus,  Gentiaua,  and  others.  Even  when 
light  falls  laterally  upon  them  they  continue  to  grow  erect. 
This  can  only  be  accounted  for  by  regarding  the  organs  as 
being  almost  destitute  of  heliotropic  irritability. 

These  are  the  general  facts  which  have  been  ascertained 
as  to  the  helfotropism  of  radial  organs.  In  entering  upon  a 
closer  study  of  them,  we  will,  in  the  lust  place,  direct  our 
attention  more  especially  to  the  influence  of  licflu  in  pro- 
ducing them.  There  are  three  principal  points  for  us  to  con* 
aider :  first,  the  relation  of  the  direction  of  the  incident  rays 
to  the  curvature ;  secondly,  the  relation  of  the  Intensity  of 
the  l^t  to  the  curvature;  thirdly,  the  relative  activity  of 
rays  of  diflerent  wave-length  in  producing  the  curvature. 
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I  hc  importance  of  the  direction  of  the  incident  rays  as 
determining  tlic  curvature  was  first  suggested  by  Sachs,  aad 
was  subsequently  more  fully  established  by  Miiller-Thurgau. 
MUller  found  that  the  heliotropic  effect  becomes  more  auuiced 
as  tbe  angle  of  incidence  increases  from  o*"  to  go\  The  curva- 
ture is,  in  fact,  the  expression  of  an  attempt  on  the  part  of  tbe 
growing  organ  to  place  its  axis  of  growth  parallel  to  the 
direction  of  the  incident  ^.  i  lii.-i  .^Uttnu  rit  is  equally  true 
of  both  positively  and  nei^atively  heliotropic  organs,  though 
the  apex  of  the  organ  is  directed  in  the  one  case  towards  the 
source  of  light,  and  in  the  other  away  from  it 

Widi  regard  to  the  relation  of  the  intensity  of  light  to  the 
heliotropic  effect,  it  has  long  been  a  matter  of  common  obser* 
vat  ion  that  when  the  two  sides  of  a  positively  heliotropic 
organ  are  exposed  to  light  of  different  intensity,  the  organ 
curves  towards  the  stronger  light.  But  it  is  erroneous  to 
assume,  as  is  commonly  done,  that  the  curvature  is  merely 
the  effect  of  the  difference  in  the  intensity  of  illumination  of 
the  two  sides  of  the  organ.  In  the  case  of  tiie  delicate  hyphae 
of  Fungi,  for  instance,  the  difference  in  the  illumination  of 
the  two  sides  must  be  very  sh'ght,  and  yet  curvature  is  effected. 
The  curvature  is,  as  wc  have  seen,  dependent  upon  the  direc- 
tion of  the  incident  rays.  But  the  curvature  is  affected  by 
the  intensity  of  these  rays.  It  is  to  Wiesner  that  we  owe 
a  detailed  investigation  of  this  subject.  He  has  found  that 
▼artatimis  in  the  intensity  of  the  light  produce  distinct  effects 
upon  the  curvature  of  the  uiL;an  exposed  to  ils  action,  and  he 
has  been  led,  by  careful  observation  of  these  effects,  to  the 
following  generalisations.  There  is  for  the  organs  of  eveiy 
plant  an  optimum  intensity  of  light  which  induces  the  maxi- 
mum of  heliotropic  effi^t ;  any  increase  or  diminution  of  this 
intensity  is  followed  by  a  diminution  of  the  heliotropic  eflect 
It  was  difficult  to  determine  the  lower  limit  of  the  action  of 
light,  that  is,  the  intensity  at  which  a  heliutiupic  effect  can 
only  just  be  perceived,  at  least  in  the  case  of  very  sensitive 
organs  (espi&cinlly  the  stem  of  Vuia  soHva),  for  they  continue 
to  react  to  light  of  very  low  intensity.  With  regard  to  the 
upper  limit,  Wiesner  found  that  the  degree  of  intensity  at 
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which  the  heiiotropic  effect  ceased  to  be  exliibited  was,  in 
very  sensitive  oigans,  higher,  and  in  less  sensitive  lower,  than 
that  which,  as  mentioned  in  the  previous  lecture  (pp. 
396)  sufficed  to  anest  growth  altogether. 

Wiesner  obtained  his  results  by  placing  the  plants  at  known  dis- 
tances from  an  artificial  source  of  light  of  known  intensity,  and  by 
determming  the  time  at  which  the  first  trace  of  curvature  cotdd  be 
detected. 

In  the  following  table  his  determinations  of  the  upper  and  lower 
limits  and  the  optima  of  intensity  of  lii^t  are  given.  The  unit  of  inten- 
sity is  that  of  the  normal  flame  at  a  distance  of  one  metre. 


Upper  limit 

ILovtf  Knit 

Vieia  joJij^mi— eplcotyl 
Lepidimm  j«itf««Mii«--hypocotyl 
Pisum  sativum  epico^l 
Vicia  Faba  „ 
r/iostolus  multijiorus  „ 
HeHmitkus  nwnrMu^hypocotyl 
SaHx  tfiS0i0— etiolated  shoots 

904 
816 

210 
123 
123 

^  330 

above  400 

0-44 
05— 0*11 
0*11 

0*16 
0*11 
0'i6 
6*35 

below  ox}o8 
,y  cooS 

o*oo8 
„  0012 
„  0008 
»  <w«7 

Passing,  how,  to  the  relative  heiiotropic  effect  of  rays  of 
different  wave-length,  it  has  been  ascertained  by  experiments  1 

with  lii^ht  that  liad  passed  throu<,^h  absorbent  media  (coloured 
liquids  or  glasses)  that  the  heiiotropic  effect  of  the  rays  of  high 
refrangibility  is  much  greater  than  that  of  the  rays  of  low 
refrangibility  (Payer,  Dutrochet,  Zantedeschi,  Sachs).  £x* 
periments  made  with  the  spectrum  (Poggioli,  Gardner,  Guille- 
min,  Wiesner)  shew  that  all  the  visible  rajrs,  excepting  the 
yellow,  and,  according  to  Wiesner,  the  invisible  u!li\L-icd  and 
ultra-violet  rays,  produce  heiiotropic  effects.  Wiesner  gives 
the  following  account  of  the  relative  heiiotropic  effect  of  the 
different  rays.  Sensitive  organs,  such  as  the  stem  of  etiolated 
Vetch-seedlings,  curve  most  strongly  at  the  junction  of  the 
ultra-violet  and  violet  rays ;  from  this  point  the  heiiotropic 
effect  diminishes  until,  in  the  yellow,  it  disappears  ;  it  begins 
to  manifest  itself  again  in  the  orange,  and  increases  until  it 
reaches  a  small  secondary  maximum  in  the  ultra-red.  The 
V.  28 
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heliotropic  effect  of  the  different  rays  is  the  same  whether  the 
curvature  be  positive  or  n^;ative. 


Fig.  50  (after  Wiesner).  Cum  illiutfating  heIiotro{ttc  efiect  of  fays  of  diflerenl 
refnuagibility*  The  letters  A — on  the  base  line  indicate  the  poaitioas  of  tlw 
most  con$pictioiis  lines  of  the  solar  spectinm.  The  ciirres  I,  II,  III  repttaent 
the  carvatures*  under  the  influence  of  the  different  iays»  of  the  Vetcli»  the 
Cress,  and  the  V^Uow  respectively.  The  curve  jr  y  rq)reaents  the  relntive 
effect  of  the  different  rajrs  in  retarding  growth ;  it  is  greatest  at  y  and  least 
at  4r. 

The  effect  of  the  dark  heat-rays  in  affecting  the  direction 
of  growth  has  been  made  the  subject  of  special  investigation 
by  Wortmann.    He  has  found,  in  agreement  with  the  state^ 

ments  made  ab()\ c  tliat  the)  arc  capable  of  exerting  a  very 
considerable  inlluence  in  producinc;^  curvature.  The  phe- 
nomena thus  produced  may  be  conveniently  designated  by 
the  term  Thermoirapism^  suggested  by  van  TiegheuL  It 
appears,  from  Wortmann's  experiments,  as  might  be  expected, 
that  the  reaction  of  organs  to  the  action  of  the  dark  rays 
exhibits  the  same  varieties  as  those  with  which  we  have  be- 
come acquainted  with  in  the  case  of  the  luminous  rays;  --ome 
curve  away  from  the  source  of  radiant  heat,  others  towards  it 
For  instance,  when  sporangiferous  hypliae  of  Phycomyces 
and  shoots  of  Cress-seedlings  were  exposed  to  radiant  heat» 
by  placing  them,  either  in  the  normal  position  or  rotating  on 
a  clinostat,  in  an  appropriate  position  with  regard  to  a  hot 
smoked  tin-plate,  they  in  all  cases  curved  away  from  the 
source  of  heat,  that  is  they  shewed  themselves  to  be  negatively 
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thermotropic.  Maize-seedlings,  on  the  contrary,  curved  to- 
wards the  source  of  heat,  and  thus  proved  tiiemselves  to  be 
positively  thermotropic.  Similar  results  have  been  obtained 
by  Barthdemy.  In  his  experiments  with  Hyacinths,  he  found 
the  roots  to  be  positively,  and  the  leaves  to  be  negativelyj 
tfiermotropic. 

It  was  mentioned  in  the  previous  lecture  (p.  374),  that  the 
effect  of  the  action  of  an  external  agent  upon  an  irritable 
organ  is  not  at  once  exhibited,  but  that  there  intervenes  be> 
tween  the  commencement  of  the  action  and  the  first  manifesta- 
tion of  a  response,  a  latent  period :  and  also  that  the  effect 
of  the  action  persists  for  a  time  after  the  action  has  ceased 
This  is  very  evident  in  the  action  of  light  in  producing  helio- 
tropic  heterauxesis.  Wicsner  has  shewn,  namely,  that  an 
organ  exposed  for  a  time  to  unilateral  illuiiunation,  during 
which  it  exhibits  no  indication  of  curvature,  will,  on  being 
placed  in  darkness^  undetgo  heliotropic  curvature.  For  in- 
stance, the  epicotyls  of  some  seedlings  of  Phaseohis  multifiorus 
were  exposed  for  one  hour  to  unilateral  illumination  ;  during 
that  time  they  exhibited  no  trace  of  curvature.  They  were 
then  placed  in  darkness,  and  at  the  end  of  two  hours  they 
had  undergone  a  well-marked  positively  heliotropic  curva- 
ture. The  exposure  had  induced  in  them  the  heliotropism 
which  was  subsequently  manifested  by  curvature.  This 
Wiesner  speaks  of  as  phoUnmckameal  inductum*  From  his 
further  investigation  of  this  subject,  Wicsner  came  to  the 
conclusion  that  when  photomechanical  induction  has  once 
taken  place,  any  further  exposure  to  light  is  entirely  without 
effect  upon  either  the  rapidity  or  the  extent  of  curvature. 
In  some  cases  (Cress,  Vetch)  Wiesner  ascertained  the  length 
of  exposure  necessary  for  photomechanical  induction ;  in  both 
these  plants,  which  are  very  sensitive,  it  amounted  to  one-third 
of  the  latent  period,  the  latent  period  beint,^  25  minutes  for 
the  Cress  and  35  for  the  Vetch.  The  latent  period  and  the 
persistent  effect  can,  in  fact,  only  be  determined,  or  even  per- 
ceived at  all,  in  plants  which  respond  rapidly  to  the  stimulus 
of  light 

We  will  now  direct  our  attention  to  the  heliotropic  uigan, 
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and  enquire  into  the  causes  and  nature  of  the  curvature.  Ii 
must  be  premised  that  not  all  radial  org^ans  are  heliotropic. 
In  addition  to  the  peduncles  already  mentioned,  the  twining 
internodes  of  climbing  plants,  and  the  stem  of  the  Mistletoe, 
are  examples  of  shoots  which  are  only  slightly  if  at  all  hdio> 
tfopia  Among  roots,  it  appears  that  earth-roots  are  in  most 
cases  not  at  all  heliotropic,  and  this  is  also  true,  though  excep- 
tional ly,  of  some  aerial  roots.  The  degree  of  hciiotropic 
irritability  is  also  very  different ;  in  some  cases  it  is  such 
that,  under  appropriate  conditions,  the  heliotropic  curvature 
is  performed  in  spite  of  the  opposing  effect  of  ottor  influences, 
such  as  gravity,  etc*,  whereas  in  other  cases  a  curvature  can 
only  be  detected  when  the  action  of  all  other  directive  in- 
llutjiiccs  is  as  far  as  possible  prevented.  The  diffcrLiices  in 
heliotropic  irritability  are  clearly  illustrated  by  the  l  ict.  to 
which  allusion  has  been  made  more  than  once  in  this  and  in 
the  previous  lecture,  that  the  heliotropic  effect  is  exhibited 
by  highly  sensitive  organs  at  an  intensity  of  light  which  is 
greater  than  that  requisite  to  arrest  growth,  whereas  in  less 
sensitive  organs  the  heliotropic  effect  ceases  to  be  manifest  at 
an  intensity  of  light  which  is  less  than  that  requisite  to  arrest 
growth.  Another  means  of  estimating  heliotropic  irritability 
is  afforded  by  the  measurement  of  the  angle  made  fay  the 
axis  of  an  organ  with  the  direction  of  the  incident  rays  when 
the  organ  has  ceased  to  curve  heliotropically,  the  intensity  of 
the  light  and  the  other  conditions  being  constant  The  more 
heliotropically  irritable  the  organ,  the  more  nearly  will  its 
axis  come  to  coincide  with  the  direction  ul  the  incident  rays. 

We  may  with  advantage  pause  here  for  a  moment  to 
consider  the  fact,  implied  by  the  statement  just  made^  that 
heliotropic  curvature  of  an  organ  may  take  place  widiout 
growth  in  length.  We  are,  it  is  true,  considering  the  various 
manifestations  of  irritability  by  growin^:^  organs,  and  yet  \vc 
here  include  one  exhibited  by  organs  which  cannot,  strictly 
speaking,  be  said  to  be  growing.  Under  ordinary  conditions, 
heliotropic  curvature,  as  we  shall  soon  see  more  fully,  is 
accompanied  by  growth  in  length;  it  is  a  phenomenon  of 
growth  in  length,  and  is  dependent  upon  the  fulfilment  of  all 


Digitized  by  Gopgle 


IRRITABILITY. 


437 


the  conditions  which  are  essential  to  growth  In  length. 
Under  the  exceptional  conditions  of  illumination  in  the  case 

before  us,  growth  in  length  is  rendered  impossible ;  but  the 
organ  is  nevertheless  essentially  a  growing  organ,  for  it  is 
endowed  with  all  the  properties  which,  as  we  learned  in  a 
previous  lecture  (p.  341),  are  characteristic  of  growing  organs. 
Amongst  these  properties,  that  of  irritability  was  found  to  be 
conspicuous,  and  it  Is  manifested  in  this  case  by  a  curvature 
which  is  not  accr)m|)anicd  by  growth  in  length. 

We  may  now  conveniently  enquire  as  to  what  part  of  the 
growing  organ  is  the  seat  of  the  heliotropic  curvature,  or,  in 
other  words,  to  ascertain  the  distribution  of  the  heliotropic 
curvature  throughout  the  growing  region.  Muller-Thurgau 
found,  in  the  case  of  certain  positively  heliotropic  stems,  that 
curvature  was  most  evident  in  the  most  rapidly  growing 
zone,  and  he  further  found  that  this  was  also  the  case  in  the 
negatively  heliotropic  aerial  roots  of  MonsUra  Lennea  and  of 
Chiorophytum.  Wiesner  has  carefully  investigated  this  point 
and  concludes  from  his  observations  that,  in  stems  which  are 
only  moderately  sensitive  to  the  heliotropic  action  of  light, 
the  greatest  curvature  takes  place  in  the  most  rapidly  growing 
zone,  whereas  in  stems  which  arc  x^xy  sensitive  the  greatest 
curvature  does  not  take  place  in  the  most  rapidly  growing 
zone.  In  the  latter  case  the  seat  of  greatest  curvature  is 
sometimes  above  and  sometimes  below  the  zone  of  most  rapid 
growth  ;  when  the  organ  is  young  the  former  is  the  case, 
when  it  is  older,  the  latter,  ihc  form  of  the  curved  organ 
will,  of  course,  vary  under  these  different  circumstances. 

It  will  be  observed  that  in  all  cases  heliotropic  curvature 
is  limited  to  the  growing  r^on,  or,  to  put  it  more  generally, 
to  the  region  which  is  capable  of  growing.  This  is  illustrated 
in  an  interesting  manner  by  the  behaviour  of  shoots,  such  as 
those  of  Caryophyllaceae,  Grasses,  etc.,  in  which  the  nodes 
are  well-marked  and  the  leaves  sheathing.  In  these  shoots 
the  tissue  at  the  lower  end  of  each  internode,  surrounded 
by  the  sheathing  leaf-bases,  remains  capable  of  growth  (see 
p.  333).  If  now  light  is  allowed  to  fall  upon  one  side  of 
9ttch  a  shoot,  it  curves  heliotropically,  tl^e  curvature  takin^^ 
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place  at  the  lower  ends  of  the  intemodes.  The  same  effect 
is  produced  even  after  normal  growth  in  length  has  ceased, 

for  lh<j  hcliotropic  action  of  light  induces  a  resumption  of 
growth. 

In  connexion  with  these  considerations  there  naturaUy 
arises  the  question  as  to  the  seat  of  heliotropic  irritability  in 
growing  organs.  It  would  appear  that,  in  most  cases^  the 
whole  growing  region  is  irritable,  whereas  In  some  cases  the 

irritability  is  localised.  Darwin  concludes  from  his  experi- 
ments with  Phalaris  canaricnsis,  that  the  illuniuuition  of  the 
upper  part  of  the  cotyledons  of  seedlings  of  this  plant  mate- 
rially affects  the  capacity  for  curvature,  and  the  extent  of  it. 
in  the  lower  part ;  yet  some  observations  seemed  to  render  it 
probable  that  the  simultaneous  stimulation  of  the  lower  part 
by  light  greatly  favours,  or  is  almost  necessary  for,  its  well- 
marked  curvature.  Experiments  made  upon  cot\lcdons  of 
Avena  sativa  (Oat),  on  hypocotyls  of  Brassica  olcracea  (com- 
mon Cabbage)  and  of  Beta  vulgaris^  and  on  roots  of  seedlings 
of  Smapis  alba^  led  him  to  much  the  same  conclusions^ 

The  experiments  were  performed  by  covcrini;  the  tips  of  the  ori^p.ns 
with  opacpu-  screens,  or  by  painting;  them  black.  In  the  majority  of  cases 
the  organs  thus  treated  remained  upright  when  exposed  to  lateral  light, 
whereas  similar  oi:gans  which  had  not  been  so  treated  became  strongly 
curved. 

With  regard  to  the  mode  in  which  heliotropic  curvature  is 

effected,  ii  may  be  stated  generally  that  it  is  due  to  a  change 
in  the  relatixc  Icn^^th  of  the  two  sides  of  the  organ.  When 
the  organ  is  growing  rapidly,  both  sides  elongate,  but  the  side 
which  will  be  convex  does  so  more  rapidly  than  the  side 
which  will  be  concave;  when  the  organ  is  growing  slowly, 
the  concave  side  elongates  but  little ;  when  curvature  takes 
place  in  an  organ  which  is  not  growing,  the  concave  side 
shortens. 

In  illustration  of  the  rdation  between  the  elongation  of  the  two  sides, 
the  following  table  of  measurements  made  by  Miiller-Thuigau  may  be 
given.  The  numbers  give,  in  millimetres,  the  elongation  of  the  two 
sides  of  a  portion,  20  millimeties  long,  of  a  growing  shoot  of  VaUnama 
officinaiis.   In  the  column  A  are  the  successive  iocrements  in  length  of 
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the  side  most  exposed  to  light  (the  concave  side)  ;  in  those  of  the 
shaded  side.   The  time  of  growth  was  iu  every  case  a  period  of  5  hours. 


A 

B 

05 

07 

07 

I'l 

I'D 

17 

IX> 

0*9 

06 
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We  will  now  endeavour  to  airive  at  some  explanation  of 
the  phenomena  of  hcliotropism.  The  fact  which  has  to  be 
explained  is  the  change  in  the  relative  length  of  the  two  sides 
of  the  organ.  Various  explanations  have  been  offered,  but  it 
would  not  be  any  advantage  to  discuss  them  alL  We  will 
confine  our  attention  to  that  of  de  CandoUe,  for  this  one  is 
assumed,  implicitly  at  any  rate,  in  much  of  the  current 
botanical  literature.  De  Candollc  was  of  opinion  that  the 
curvature  of  a  positively  heliotropic  organ  is  due  to  a  difference 
in  the  intensity  of  the  Hght  to  which  the  two  opposite  sides  of 
the  oigan  are  exposed,  the  result  being  the  more  rapid 
elongation  of  the  side  which  is  exposed  to  the  less  intense 
light:  in  fact,  he  regards  heliotropic  curvature  as  a  phe- 
nomenon of  etiolation,  the  sliLided  side  of  the  orj^an  becoming 
to  a  certain  extent  etiolated.  The  reaauiung  upon  which  this 
theory  is  based  is  this,  it  is  known  that  light  retards  growth 
in  length;  hence  when  the  two  sides  of  a  growing  organ  are 
exposed  to  light  of  unequal  intensity,  the  growth  of  that  side 
will  be  the  more  retarded  which  receives  light  of  the  greater 
intensity.  The  assumption  is  that  it  is  the  shaded  side  of  the 
organ  which  is  active  in  pruducing  the  curvature. 

The  inadequacy  of  this  explanation  is  at  once  apparent 
when  negative  heliotropism  is  considered.  Here  we  have 
precisely  the  opposite  effect  produced  under  the  same  external 
Qon^littOQS,   It  was  thou^t  that  natively  heliotropic  organs 
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mi^ht  be  so  constituted  that  their  growth  should  be  promoted, 
iiLslcad  of  beings  retarded,  by  h'ght.  Were  this  the  case  de 
Candolle's  explanation  of  poi>itive  hcliotropisin  would  also 
apply  to  negative  heliotropism,  and  there  would  then  be  some 
ground  for  accepting  it  But  the  researches  of  Mtlller- 
Thufgau,  of  F,  Darwin,  and  of  Wiesner,  shew  that  also  ama- 
tively heliotropic  organs  grow  more  rapidly  in  darkness  than 
in  light. 

The  endeavour  which  is  usually  made  to  explain  lielio- 
tropic  curvature  by  referring  it  to  the  direct  action  of  light 
upon  the  elongation  of  the  two  opposite  sides  of  the  curvnn^ 
oiiganj  is  clearly  unsatisfactory,  and  must  be  abandoned  If 
we  sum  up  all  the  facts  with  which  we  have  now  become 
acquainted  on  the  subject  of  heliotropism,  we  find  that  our 
knowledge  amounts  to  tills,  namely,  that  the  cui  valiirc  is  de- 
pendent upon  the  direction  of  the  incident  rays,  and  that  the 
organ  tends  to  place  its  long  axis  parallel  to  the  direction  of 
the  incident  rays,  directing  its  apex  sometimes  towards  and 
sometimes  away  from  the  source  of  light   Light  affects  the 
organ  as  a  whole,  and  not  merely  the  sides  exposed  to  or 
turned  away  from*  it.    The  curvature,  too,  is  effected  by  the 
organ  as  a  whole,  and  is  not  merely  the  result  of  the  direct 
influence  of  light  upon  the  side  most  exposed  to  it.  The 
difference  in  length  of  the  convex  and  concave  sides  is  the 
result^  and  not  the  cause }  the  organ,  as  a  whole,  is  induced  to 
take  up  a  certain  position  with  reference  to  the  direction  of 
the  incident  rays ;  to  do  this  it  must  curve,  and  curvature  can 
only  be  effected  by  hetcrauxesis,  one  side,  the  convex,  becom- 
ing longer  than  the  other,  the  concave. 

It  remain-  to  explain  the  mechanism  by  which  an  organ 
performs  its  heliotropic  curvature.  Without  entering  at  pre- 
sent into  a  full  discussion  of  the  subject,  which  we  reserve  for 
a  subsequent  lecture,  it  is  clear  that  the  heterauxesis  is  due  to 
the  greater  tui^escence  of  the  cells  of  the  convex  side  as 
compared  with  that  of  the  cells  of  the  concave  side.  The 
cells  in  question  must  necessarily  be  parenchymatous,  ann  ii 
appears  that  they  belong  to  the  cortical  tissue,  a  point  to 
which  we  shall  revert  when  we  are  studying  Geotroptsm« 
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Now  that  we  have  concluded  our  consideration  of  the 
directive  influence  of  light  upon  growing  radial  organs^  we 
turn  to  the  study  of  the  phenomena  presented  by  bilateral 
organs.    It  will  be  convenient  to  consider  separately  the 

phenomena  presented  by  isobi lateral  organs,  and  those  pre- 
sented by  dorsivcntral  bilateral  or^j^ans. 

With  r^ard  to  the  former,  of  which  the  flattened  leaves  of 
some  species  of  Iris  and  Xyris  may  be  taken  as  examples,  it 
will  suffice  to  say  that  they  are  positively  heliotropic 

The  characteristic  position  of  dorsiventral  organs  is  such 
that,  under  normal  conditions,  their  long  axes  are  inclined  at 
a  greater  or  a  smaller  an^le  to  the  vertical.  This  position  is, 
like  that  of  all  plant-organs,  a  resultant  one,  the  resultant 
effect  of  the  action  of  inherent  tendencies  and  of  external 
influences,  and  the  problem  now  before  us  is  to  ascertain 
the  extent  to  which  light  takes  part  in  inducing  this 
position. 

It  has  been  shewn  in  many  cases  that  light  is  an  important 
factor.  Rauwenhofif,  in  particular,  lins  called  attention  to  the 
fact  that  whereas  in  a  large  number  of  plants  the  lateral  branches 
are  directed  obliquely  under  normal  conditions^  in  etiolated 
specimens  they  are  more  or  less  nearly  vertical.  Frank,  again, 
has  observed  that  the  shoots  of  Lysimachia  Nutnmulana, 
Polygonum  aviculare,  Panicum  Cnis-Galli  and  many  other 
Grasses,  A  triplex  latifoliay  Oietiopodium  polyspermum^  Matri- 
caria Ckamomilla,  and  others,  run  horizontally  along  the 
surface  of  the  soil  when  the  plants  are  growing  in  sunny 
localities,  whereas  they  grow  erect  when  the  plants  are  shaded 
or  are  kept  in  darkness.  He  has  observed  the  same  thing  in 
the  branches  of  thalloid  Livervvurts, such  as  Marciumtia,  which 
under  these  circumstances  are  narrow  and  channelled  on  the 
upper  surface.  Vochting  has  made  similar  observations  on 
the  peduncles  of  Mradium  cicutarium  and  of  Taraxacum 
officinale,  and  Wiesner  on  the  runners  of  Fragaria  vesca  and  of 
GUchoma  hederaaa.  This  peculiar  relation  to  the  intensity  of 
light  is  strikingly  illustrated  in  Vaucheria.  Stahl  has  found 
that  in  weak  light  the  shouts  of  this  plant  are  positively  helio- 
tropic, that  is,  that  their  apices  are  diiected  towards  th^  source 
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of  light,  whereas  in  intense  light  their  long  axes  are  at  riglit 

angles  to  the  direction  of  the  incident  rays. 

Finally,  dorsiventral  leaves  are  usually  more  or  less  nearly 
horizontal  when  growing  exposed  to  light,  whereas,  when 
etiolated,  they  frequently  tend  to  place  themselves  rather  in  a 
vertical  than  in  a  horizontal  plane.  This  is  especially  marked 
in  the  case  of  radical  leaves  (Frank). 

Some  more  definite  information  is  afforded  by  the  obseiv  i- 
tions  which  have  been  made  on  ihc  behaviour  of  dorsiventral 
oigans  when  their  dorsal  (morphologically  upper)  and  ventral 
(morphologically  lower)  surfaces  are  respectively  exposed  to 
light  With  r^ard  to  dorsiventral  shoots,  de  Vries  found, 
in  the  case  of  runners  of  Polygonum  aviculare,  Lysimackia 
Nummularia^  and  others,  that  if  such  a  shoot  be  placed  verti- 
cally and  light  be  allowed  to  fall  upon  its  dorsal  surlacc,  the 
shoot  curves  away  from  the  source  of  light  When  on  tlie 
contrary,  the  ventral  surface  is  exposed  to  light,  the  shoot 
curves  towards  the  source  of  light  He  obtained  similar  results 
when  he  exposed  the  mid-ribs  of  leaves,  freed  from  the  meso- 
phyll,  under  similar  conditions.  When  the  dorsal  surface  was 
exposed  to  light,  the  curvature,  if  an\  ,  was  al  w  ays  such  that 
the  dorsal  surface  became  convex  to  the  source  of  light;  when 
the  ventral  surface  was  exposed,  there  was  in  all  cases  a  well- 
marked  curvature  such  that  the  ventral  surface  became  concave 
to  the  source  of  light.  Similarly,  both  Frank  and  Sachs  have 
observed  that  when  the  dorsal  surface  of  a  Marchantia-thallus 
is  exposed  to  light,  the  lhallus  becomes  convex  towards  the 
source  of  light,  whereas  when  the  ventral  surface  is  exposed, 
it  becomes  concave. 

De  Vries  attributes  the  curvature  away  from  the  source  of 
light  to  the  possession  of  native  heliotropic  properties  by 
these  orgfans,  an  opinion  which  Is  shared  by  Frank  as  for  as 
Ljsiuuic/ua  A  liiuiiiiiliina  is  concerned.  But  the  concave 
curvature  when  the  ventral  surface  of  the  organs  was  exposed 
to  the  light  remains  unaccounted  for.  In  order  that  this  expla- 
nation of  the  phenomena  may  be  consistent  throughout  it  is 
necessary  to  assume  that  the  two  surfaces  of  the  organ,  in 
these  cases,  are  endowed  with  different  heliotropic  proper- 
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ties ;  that  the  dorsal  is  negatively  and  the  ventral  positively 
heliotropic.  This  explanation  was  mentioned  by  SachSi 
in  his  paper  on  orthotropic  and  plagiotropic  plant-ofgans, 
but  it  appeared  to  him  that  the  assumption  was  an  impos- 
sible one.  Wiesner,  however,  is  more  bold,  and  accepts  and 
attempts  to  justity  it.  Wc  shall  not  follow  him  in  this,  but 
will  endeavour  to  shew  that  the  phenomena  can  be  satis- 
factorily accounted  for  without  making  this  very  doubtful 
assumption. 

Such  an  explanation  is  not  far  to  seek,  and  it  is  to  Sachs  . 

that  the  fust  suL^i^cstion  of  it  is  due.  In  the  paper  mentioned 
above,  when  speakinc;'  of  the  influence  of  light  upon  the 
Marchantia-thallus,  Sachs  says :  "  So  far  as  I  can  at  present 
apprehend  the  facts,  this  negative  heliotropism  of  the  Mar- 
chantia-shoots»  and  that  of  many  other  shoots  which  behave 
in  the  same  way,  is  the  same  phenomenon  as  the  epinasty  of 
foliage-leaves  described  by  de  Vries."  Taking  this  statement 
in  connection  with  Detmer's  results  (see  supra,  p.  383)  that 
light  promotes  the  epinasty  of  foliage-leaves,  we  arrive  at  once 
at  an  explanation  of  the  phenomena  in  question.  The  dorsi- 
ventral  organs  which  we  have  been  considering  are  photo* 
epinasttc ;  that  is,  that  when  exposed  to  intense  light  their 
dorsal  surfaces  grow  more  rapidly  than  their  lower. 

We  will  here  digress  for  a  moment  and  revert  to  the  appa- 
rent reversal  of  the  heiiotropic  properties  of  orthotropic  organs 
to  which  allusion  was  made  a  short  time  £^0  (p.  429).  It 
was  then  pointed  out  that  the  effect  of  intense  unilateral 
illumination  was  to  induce  dorsiventrality  in  previously 
radial  shoots  (Ivy,  Tropseolum).  This  being  the  case,  we 
see  that  their  apparent  negative  heliotropism  is  nothing 
more  than  the  photo-epi nasty  which  we  have  found  to  obtain 
in  the  dorsiventrai  organs  now  under  consideration.  It  is 
probable  that  this  explanation  applies  also  to  the  apparent 
negative  heliotropism  of  the  tendrils  of  Vitis  and  Ampelopsis 
to  which  allusion  was  made  above  (p.  429). 

We  have  conic  to  the  conclusion,  then,  that  dorsiventrai 
organs  are  not  negatively  heliotropic,  and  we  may  now  go  on 
to  enquire  if  they  are  positively  heliotropic  \  that  is,  if  under 
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any  circumstances,  the  dorsal  surface  becomes  concave  when 
light  falls  directly  upon  it.  Sachs  mentions  that  the  leaves  of 
a  plant  of  Trcfaobim  majus  grown  fn  a  window  were  positively 
heliotiopic.  De  Vries  found  that  neither  dorsiventral  leaves 
nor  shoots  ever  exhibited  positively  heliotropic  curvature  when 
the  light  fell  on  the  dorsal  surface,  but  he  is  nevertheless 
inclined  to  attribute  positive  heliotropism  to  the  former. 
Wiesner  states  that  he  has  frequently  detected  positive  helio- 
tropism in  leaves.  But  these  statements  as  to  the  positive 
•  heliotropism  of  leaves  are  open  to  criticism.  In  the  first  place 
the  apparent  positive  heliotropism  may  reside,  not  in  the 
dorsiventral  lamina,  but  In  the  petiole  which  may  be  radially- 
organised.  And  secondly,  it  maybe  that  when  it  is  exhibited, 
as  in  the  cases  adduced  by  Wiesner,  in  feeble  light,  it  is  simply 
the  expression  of  a  partial  etiolation,  a  condition  which,  as  we 
know,  prevents  the  expansion  of  the  blade  so  that  its  upper 
surface  remains  concave.  A  form  of  positive  heliotropism,  but 
not  the  one  which  we  are  considering  here,  has  indeed  been 
observed  in  dorsiventral  organs.  Sachs  has  pointed  out,  for 
instance,  that  when  a  leaf  of  Fritillaria  wipcrialu  was  so 
placed  that  the  incident  rays  fell  upon  one  lateral  margin,  this 
margin  became  concave  so  that  the  blade  assumed  a  sickle- 
shape  :  de  Vries  has  found  the  same  to  occur  in  a  number  of 
cases  (Rhus  typkma^  Athtnthus  gianduiasa,  Sfiraa  sorbifoUa^ 
etc.),  and  Wiesner  has  made  similar  observations  on  the  leaves 
of  CaDipaiiula  persicifolia  and  on  the  cotyledons  of  the  Silver 
Fir  [Abies pcctiuata). 

We  come  then  to  the  conclusion  that  when  either  the  dorsal 
or  the  ventral  surface  of  a  dorsiventral  organ  is  exposed  to  l^t 
it  exhibits  neither  negative  nor  positive  heliotropism,  but  only 
photo-epinasty  (or  photo-hyponasty).  We  must  be  careful  not 
to  regard  photo-epinasty  as  belonging  to  the  category  of  helio- 
tropic phenomena,  that  is,  as  being  a  manifestation  of  the  direc- 
tive influence  of  light,  for  the  same  effect  is  produced  whether 
the  dorsal  or  the  ventral  surface  of  the  organ  is  the  one  upon 
which  the  incident  rays  directly  fail.  And  if  any  further  proof 
of  this  is  wanted,  it  is  afforded  by  Detmer's  observation  that 
the  lamina  of  a  leaf  (he  experiment^(l  with      cotyledons  of 
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Cucurbita)  becomes  expanded  by  means  of  epinasty  when  the 
light  falls  on  its  lateral  margin.  A  similar  result  was  obtained 
by  de  Vries,  but  he  failed,  apparently,  to  see  the  signifi- 
cance of  ft. 

3:)Ut  light  does,  as  a  matter  of  Tact,  exert  ii  directive 
influence  on  dorsiventral  organs.    It  is  a  matter  of  common 
observation  that  these  organs  take  up  a  definite  position  with 
regard  to  the  direction  of  the  incident  rays,  such  that  the 
dorsal  (moiphol<^ically  upper)  surface  of  the  organ  is  placed 
perpendicularly  to  it   This  has  been  observed  fay  Frank  and 
others  in  the  case  of  branches,  and  by  Frank  and  Sachs  in  the 
case  of  the  Marchantia-thallus,  but,  inasmuch  as  the  actual 
influence  of  light  has  not  been  estimated  by  eliminating  the 
effect  of  other  directive  forces — that  of  gravity,  especially,  by 
rotation  on  the  clinostat — the  further  consideration  of  them 
would  not  lead  to  any  conclusion.    The  phenomena  are 
much  more  strikingly  exhibited  by  dorsiventral  leaves,  and 
moreover  they  have,  in  this  case,  been  to  a  certain  extent 
investigated  by  the  experimental  method  just  mentioned. 
Leaves  of  this  kind  take  up  any  definite  fixed  light-position. 
In  the  vast  majority  of  cases,  this  position,  when  the  plant  is 
fully  exposed  on  all  sides  to  light,  is  such  that  the  dorsal 
surface  of  the  leaf  is  directed  towards  the  sky,  and  the  ventral 
surface  towards  the  earth.   But  to  this  general  rule  there  are  ex- 
ceptions. Frank  mentions  the  remarkable  fact  that  in  Allium 
uninunt  the  fixed  light-position  of  the  leaf  is  such  that  the 
ventral  (morphologically  lower)  surface  is  the  one  which  is 
presented  to  the  incident  rays.   In  a  great  many  cases  the 
fixed  light-position  is  such  that  the  surface  of  the  leaf  is  placed 
vertically  so  that  one  lateral  margin  is  directed  towards  the 
sky  and  the  other  towards  the  earth. 

Stabl  mentions  the  following  examples  of  the  last-mentioned  case : 
Santalaceae ;  species  of  Thesium. 

Compositae ;  Picris  hieracioides^  Cirsium  aruense,  lauceo/aium, 

eriep/iorum,  Silphium  ladniatum^  Lactuca  scarioia* 
Labiat  i  ;  MarrubiHm  vulgart* 

Cruciferas ; 

Umbellifers ;  Fcucedanum  cervarku 


Digitized  by  Coogle 


446 


tECTURE  XVXJ. 


Alto  la  tibe  Hop,  Vine,  Uxatf  vanoos  GcaitBi  (#.^.  Brachyp^^Smm 

^^y^m^^y^^^^wtj^*^  ^^I^^^^t^^^j^^Bp  ^^ttfi^KBPJjj^^if  ^flw^jpiiflf^ftB(Ki^ 

exceba^  Abies  pecUnata* 
Also  m  the  foOoiHiig  water-plants  (alSrial  leaves)^  HydrocolyU 
honariensu^  AUtma  PUmtago^  Sagittaiia,  Nympbaeay  Ne- 
Ininlxiiiiii. 

It  is  In  the  assumption  of  the  normal  fixed  Hght-positfon 
by  leaves  of  this  last  description  that  the  influence  of  lig^ht  can 
be  most  readily  traced,  and  we  will  therefore  devote  a  si:- 
time  to  a  more  detailed  consideration  of  the  process.  Of  the 
plants  mentioned,  Silpkium  ladniatum  and  Lactiica  ssaruda 
are  those  which  respond  the  directive  influence  of  l%ht  in 
most  marked  manner.  The  leaves  of  these  plants,  namely, 
are  not  only  vertical  when  fully  exposed  to  light,  but  they 
place  themselves  in  a  vertical  plane  which  more  or  less  nearly 
coincides  with  the  meridian  of  the  locality,  whence  they  hav€ 
been  spoken  of  as  Compass-plants.'' 

Stahl  describes  as  follows  the  mode  in  wliich  this  peculisr 
arrangement  is  attained.  The  leaves  on  the  north  and  south 
sides  of  the  stem,  respectively,  undergo  a  torsion  of  90**,  so  that 
their  morphologically  superior  (dorsal)  surfaces  are  directed 
towards  cither  the  west  or  the  east.  The  leaves  borne  on  the 
east  and  west  sides  of  the  stem  either  simply  curve  upwards, 
90  that  they  stand  erect,  or  they  undergo  torsion  such  that 
their  surfaces  become  vertical  and  curve  at  tlie  same  time  so 
that  their  apices  point  towards  either  the  north  or  the  sooth: 
in  any  case,  the  upper  surfaces  of  the  leaves  borne  on  the 
east  side  of  the  stem  come  to  face  the  west,  and  those  of  the 
leaves  borne  on  the  west  side  to  face  the  east. 

The  conditions  which  determine  the  assumption  of  the 
vertical  position  by  dorsivential  leaves  have  been  investigated 
by  Stahl  with  refetence  to  Laciuca  scariaia^  and  there  can  be 
little  doubt  that  the  facts  which  he  has  ascertained  in  the  case 
of  this  plant  are  true  also  of  the  other  plants  which  exhib  - 
the  same  phenomenon.  He  finds,  in  the  first  place,  that  the 
vertical  position  of  the  surfaces  is  assumed  only  when  the 
plant  is  growing  fully  exposed  in  a  sunny  spot;  when  it 
grows  in  the  shade  the  leaves  are  horizontal  Secondty,  if 
the  plant  is  grown  under  such  circumstances  tliat  it  receives 


Digitized  by  Gopgle 


IRRITABILITY. 


447 


the  sun's  rays  only  when  the  sun  is  high  in  the  heavens, 

the  leaves  present  their  superior  surfaces  to  the  incident  rays. 
Thirdly,  if  the  plants  are  so  situated  that  they  receive  only 
the  oblique  rays  of  either  the  morning-  or  the  evening-sun, 
the  leaves  place  their  superior  surfaces  at  right  angles  to  the 
incident  rays.  The  conclusion  to  be  drawn  from  these  observa- 
tions is  this»  that  it  is  the  oblique  rays  of  the  sun  which  deter- 
mine the  vertical  and  meridian  position  of  the  leaves.  The 
presentation  of  the  upper  surface  of  any  leaf  to  the  east  or 
to  the  west  is  determined  by  the  iiiummation  to  which  its 
upper  surface  is  exposed.   Thus,  the  leaves  borne  on  the  east 
side  of  the  stem  have  the  sun's  rays  falling  upon  their  upper 
surfaces  principally  during  the  afternoon,  whereas  those  borne 
on  the  west  side  receive  the  rays  of  the  sun  upon  their  upper 
surfcices  chic  fly  in  the  morning  :  hence  the  furnicr  direct  their 
upper  surfaces  towards  the  west,  and  the  latter  towards  the 
east. 

The  fixed  light-position  of  most  leaves  is  determined,  as 
Wiesner  has  shewn,  not  by  the  direction  of  incidence  of  direct 
sunlight,  but  by  the  direction  of  incidence  of  the  brightest 

diiiuse  daylight.  He  observed,  for  instance,  that  when  plants 
were  so  situated  that  they  received  direct  sunlight  only  for 
a  time  in  the  morning  and  diffuse  daylight  during  the  rest  of 
the  day,  their  fixed  light-position  was  such  that  their  upper 
surfaces  were  directed  perpendicularly  to  the  direction  of 
incidence  of  the  daylight  and  not  to  that  of  the  rays  of  the 
morning-sun.  In  this  respect  the  leaves  of  the  Cuinpass-plants 
behave  differently.  When  exposed  only  to  diffuse  lit^ht,  falling 
from  above,  they  are  horizontal,  and  it  is  not  until  they  are 
exposed  to  direct  sunlight  that  they  take  up  the  characteristic 
vertical  meridian  position.  This  difference  in  behaviour  can 
only  be  accounted  for  by  attributing  to  the  two  kinds  of  leaves 
in  question  differences  in  irritability.  Diffuse  daylight  is  in- 
sufiicii  nt  to  induce  the  assumption  of  their  peculiar  fixed 
iiglil -position  by  the  leaves  of  the  Compass-plants,  direct 
sunlight  is  necessaiy;  in  other  plants,  on  the  contrary,  the 
fixed  light-position  is  determined  by  the  direction  of  incidence 
of  the  brightest  diffuse  daylight 
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The  cases  which  we  have  so  far  oonsidered  as  to  the  direc- 
tive influence  of  light  upon  leaves  are  such  as  present  them- 
selves in  nature ;  \vc  will  now  consider  the  facts  which  have  been 
elicited  by  experiment.  Bonnet  lon^  ago  noted  that  most  leaves 
are  so  placed  that  their  morphologically  supchor  surfaces  are 
directed  towards  the  sky,  and  their  morphologically  inferior 
surfaces  towards  the  earthy  and  found  that  whenever  he  altered 
this,  the  normal  position,  the  leaves  resumed  it  hy  curvatures 
or  torsions.    More  striking  demonstration  of  the  tendency  of 
leaves  to  place  themselves  so  that  their  dorsal  surfaces  are 
directed  perpendicularly  to  the  direction  of  incidence  of  tlie 
stimulating  light  is  afforded  by  the  observations  of  F.  Darwin. 
In  speaking  of  the  positions  taken  up  by  plagiotropic  branches 
under  the  directive  influence  of  light,  it  was  mentioned  that  it 
is  at  present  Impossible  to  estimate  the  extent  and  nature  of 
their  response  in  the  absence  of  observations  made  in  such  a 
way  as  to  eliminate  as  far  as  possible  any  effects  which  iiii^ht 
be  induced  by  other  directive  influences   This  has,  however, 
been  done  to  a  certain  extent  in  the  case  of  leaves  by  F.  Darwin 
by  observing  the  positions  taken  up  by  leaves  under  the 
influence  of  lig^t  whilst  rotating  on  the  dinostat   His  obser- 
vations are,  unfortunately,  not  quite  complete,  inasmuch  as 
they  refer  only  to  the  curvatures,  and  not  to  the  torsions, 
performed  under  these  circumstances.    Without  entering  into 
a  detailed  description  of  his  experiments,  it  may  be  stated  that 
the  leaves  were  exposed  in  three  positions  to  the  incident  rays 
of  light:  (i)  so  that  the  rays  fell  on  the  dorsal  (morphologically 
upper)  surface  (zenith-position) ;  (2)  so  that  the  rays  fell  upon 
Uic  ventral  (morphologically  lower)  surface  (nadir-position); 
(3)  so  that  the  rays  fell  on  the  margin,  the  apices  or  bases 
being  directed  towards  the  light  (lateral  position).  The  plants 
to  which  reference  will  now  be  made  were  RoMunculns  Ficarm, 
CucurHta  ow^fera  (Vegetable  Marrow),  Pkmiago  nudkk  In  so 
{ax  as  the  various  forms  of  experimentation  were  applied  to 
these  plants,  it  was  found  that  under  all  circumstances  their 
leaves  so  curved  as  to  place  their  dorsal  surfaces  more  or  less 
nearly  at  right  angles  to  the  direction  of  the  incident  rays. 
With  the  plant  in  the  zenith-position  the  leaves  curved  either 
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towards  or  away  from  the  source  of  light,  as  the  case  might 
l>c,  in  order  to  reach  the  perpendicular  plane  :  with  the  plant 
{^Ranunatlus  Ficaria)  in  the  nadir-position,  the  leaves  curved 
concavely  towards  the  source  of  light,  until  ultimately  the 
morphologically  upper  surface  came  to  be  directed  towards  it : 
with  the  plant  in  the  lateral  position  {Ratmnadus  Ficaria)  the 
leaf  which  was  so  placed  that  its  apex  was  at  first  directed 
towards  the  incident  rays  bent  downwards  until  the  dorsal 
surface  of  its  blade  was  perpendicular  to  them,  and  the  leaf 
which  was  so  placed  that  its  base  was  directed  towards  the 
incident  rays  bent  upwards  until  the  dorsal  surface  of  its  blade 
received  the  incident  rays  but  failed  to  place  itself  quite 
perpendicularly  to  then  though  it  moved  through  more  than 
too"*  in  its  attempt  to  do  so. 

The  foregoing  facts  will  suffice  to  prove  that  when  dorsi- 
veiitrai  uri^ans  respond  at  all  to  the  directive  influence  of  li^dit, 
they  exhibit  a  well-marked  tendency  so  to  place  themselves  that 
the  dorsal  surface  shall  receive  rays  of  light  falling  perpen- 
dicularly upon  it  In  endeavouring  to  account  for  this  beha* 
viour»  Frank  finds  himself  compelled  to  assume  that  it  is  due  to 
a  kind  of  heliotropic  irritability  peculiar  to  dorsiventral  organs, 
and  different  from  that  of  orthotropic  organs.  Radial  and 
isobilateral  organs,  as  we  have  seen,  respond  to  the  directive 
influence  of  light  in  this  way,  that  they  tend  to  place  their  long 
axes  parallel  to  the  direction  of  the  incident  rays»  the  apex 
being  directed  either  towards  or  away  from  the  source  of  light 
Dorsiventral  oigans  respond  in  this  way,  that  they  tend  to 
place  their  long  axes  perpendicular  to  the  direction  of  the 
incident  rays.  This  peculiar  kind  of  irritability  Frank  terms 
T'ransverse  Hcliotropism.  Darwin  has  pro})oscd  tlie  less  cum- 
brous term  DiaJicliotropism,  and  we  will  use  it  in  preference  in 
further  discussing  the  subject.  This  suggestion  is,  however, 
by  no  means  universally  accepted.  De  Vries,  in  his  searching 
criticism*  rejects  the  assumption  of  a  diaheliotropic  irritability, 
and  refers  the  movements  performed  by  a  leaf  removed  from 
its  fixed  light-position  in  its  attempt  to  regain  that  position 
as  beintr  due,  when  the  nio\  ement  is  one  of  simple  curvature, 
to  negative  gcotropism,  and  to  negative  or  positive  hcliotropism, 
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and  to  cpinasty,  and  when  the  movement  is  one  of  torsion,  tu 
these  factors  more  or  less  interfered  with  in  their  operation  by 
the  mechanical  moment  of  the  heavy  lamina.  Wiesner  also 
attributes  these  movements  to  negative  geotropism^  positive 
heliotropbm,  epinasty,  weight  of  lamina,  etc. 

It  would  seem  to  be  almost  impossible  to  account  for  all 
these  phenomena,  especially  those  exhibited  by  the  Compass- 
plants,  in  the  way  proposed  b)'de  Vrics  and  by  Wicsncr.  even 
admitting  that  all  the  agents  above  enumerated  are  in  opera- 
tion. We  have,  however,  seen  reason  to  come  to  the  conclusion 
that  dorsiventral  organs  are  not  endowed  with  either  positive 
or  negative  heliotropism,and  we  have  learned  from  F.  Darwin's 
experiments  that  the  movements  in  question  are  performed  by 
leaves  when  rotating"  on  the  clinostat,  that  is,  when  the  effect 
of  gravity  is  eliminated.  These  movements,  then,  cannot  be 
due  in  any  degree  to  negative  geotropism.  Under  these 
circumstances  the  only  course  left  to  us  is  to  accept  Frank's 
suggestion  that  these  organs  possess  diaheliotropic  irritability. 

In  concluding  this  subject  we  may  advantageously  sum  up  | 
in  a  concise  form  tlic  conclusions  to  which  a  full  consideration 
f)f  all  the  available  facts  has  led  us.    Wc  have  found  that  | 
dorsiventral  organs  are  photo-epinastic  and  diaheliotropic.  i 
It  is  clear  that  when  the  photo-epi nasty  of  an  organ  is  well-  i 
marked,  its  diaheliotropism  will  be  less  so.    Thus  Frank 
observed  that  in  Lysinmchia  Nummularia  when  growing  on 
sloping  ground,  the  shoots  were  directed  downwards  and  ' 
were  closely  appresscd  to  the  sloping  surface,  so  that  their 
long  axes  made  an  angle  of  considerably  more  than  90^  with 
the  direction  of  the  incident  rays  of  light.   In  Polygmum 
avicuiare  he  observed,  on  the  contrary,  that,  under  the  same 
circumstances,  the  shoots  proceeding  from  the  lower  side  of  the 
plant  raised  themselves  from  the  soil  so  that  their  long  axes 
made  an  angle  of  90  with  the  directic^u  of  the  incident  ra\-s.  | 
The  explanation  of  these  facts  seems  to  be  that  in  the  former 
case  the  photo-  epinasty  overcomes  the  diaheliotropism,  whereas 
in  the  latter  the  diaheliotropism  overcomes  thephoto-epinasty. 
The  same  thing  was  observed  by  F.  Darwin  in  the  course  of  his 
experiments  with  leaves.  As  already  mentioned,  the  leaves  of 
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KuHiiHCiilits  Ficana,  when  in  the  zenith  position,  curved  so  as 
to  place  the  upper  surface  of  the  blade  at  right  angles  to  the 
direction  of  the  incident  rays :  in  the  Cherry  and  in  the  Bean, 
under  similar  circumstances,  the  leaves  curved  epinastically 
backwards  towards  the  stem,  so  that  the  angle  which  their 
upper  surfaces  made  with  the  direction  of  the  incident  rays 
was  much  greater  than  a  ri^ht  angle.    It  seems  probable  that 
stron^^ly  marked  photo-cpinasly  is  peculiar  to  a  certain  period 
in  the  development  of  the  leaf,  the  diaheliotropism  asserting 
itself  later,  so  that  ultimately  the  fixed  light-position,  in  which 
the  dorsal  surface  Is  perpendicular  to  the  direction  of  the 
incident  rays,  is  assumed.   This  may  also  apply  to  dorsi- 
ventral  shoots,  but  a  fuller  investigation  of  the  whole  subject 
is  necessary  before  we  can  arrive  at  such  definite  conclusions 
as  will  enable  us  to  give  a  completely  satisfactory  explanation 
of  these  complicated  phenomena. 

With  regard  to  the  mechanism  by  which  the  heliotropic 
curvature  of  dorsiventral  organs  Is  effected,  it  will  suffice  for 
the  present  to  say  that  it  is  essentially  the  same  as  in  the  case 
of  orthotropic  organs. 
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Irritability  of  Growing  Organs  {CMtmtt£d). 

Gravity.  In  a  previous  lecture  (p.  409)  some  account  was 
given  of  the  action  of  gravity  in  modifying  the  rate  of  j^rowth. 
We  now  turn  to  the  consideration  of  the  influence  of  i^ravnty  in 
determining  the  normal  direction  of  growth  of  growing  organs 
and  of  the  phenomena  which  present  themselves  when  a 
growing  organ  is  placed  in  a  position  other  than  that  which  it 
normally  occupies  with  respect  to  the  line  of  action  of  gravity, 
phenomena  which  are  collectively  designated  by  the  term 
Geotropism,  a  term  which  we  owe  to  Frank. 

It  must  be  premised  that  the  effects  produced  by  gravity 
are  of  two  kinds»  namely,  those  which  are  due  to  the  mere 
weight  of  the  parts^and  those  which  are  due  to  thestimulatiiig 
action  of  gravity.  It  is  only  the  latter  which  are  referred  to 
in  using  the  word  geotropism.  It  is  of  great  importance  that 
these  two  sets  of  effects  should  be  clearly  distinguished  from 
each  other,  especially  when  we  remember  that  Hofmcister 
ascribed  geotropic  curvature  in  certain  cases  to  tiie  bending  of 
the  organ  under  its  own  weight  Frank,  however,  demonstrated 
that  this  view  was  entirely  erroneous.  It  will  be  worth  while, 
in  view  of  its  importance,  to  illustrate  this  point  rather  full^* 
Pinot,  Mulder,  and  Payen  found,  for  example,  that  the  primary 
root  of  a  seedling  will  cur\  e  downwards  into  mercury,  that 
is,  that  it  will  cui-ve  downwards  against  a  considerable  re- 
sistance, and  Johnson  observed  that  such  a  curvature  was 
performed  against  a  weight  of  ten  grains.  It  requires  in  many 
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cases  great  care  to  distinguish  ii  uc  geotropic  curvatures  from 
curvatures  due  to  mere  wcij^^ht.  It  was  mentioned  in  a 
previous  lecture  (p.  342)  that  the  pendent  position  of  flower- 
buds  is  frequently  due  to  the  pliability  of  the  upper  growing 
portion  of  the  peduncle.  But  this  is  not  always  the  case, 
and  a  definite  opinion  can  only  be  formed  in  any  particular 
instance  as  the  result  of  experiment  The  decisive  experiment 
consists  in  causing  the  stalk  bearing  the  pendent  flower-bud 
to  rotate  horizontally  on  the  clinostat.  If  the  curvature  is  due 
to  the  weight  of  the  bud,  tlic  bud  will  continue  to  hang  down- 
wards during  rotation ;  but  if  the  curvature  is  geotropic  then 
the  original  curvature  will  be  retained,  so  that  the  bud  in  the 
course  of  each  rotation  will  lie  sometimes  above,  sometimes 
below,  and  sometimes  at  the  side  of  the  straight  portion  of  the 
stalk.  By  experiments  of  this  kind  Vochting  has  ascertained, 
for  instance,  that  the  pendent  posiiiun  of  the  buds  of  Galanthus 
nivalis  and  of  Hcllcborus  is  due  to  the  weight  of  the  bud  being 
too  great  for  the  stalks  to  bear  erect ;  the  pendent  position  of 
the  buds  of  various  species  of  Poppy  and  of  Tussilago  Far/ara, 
on  the  other  hand,  is  due  to  geotropic  curvature,  a  conclusion 
which  has  been  confirmed  by  Fiinfstiick  as  regards  the  Poppy. 

It  will  be  convenient  in  dealing  with  the  facts  of  geotropisra 
to  take  sep.irately  the  phenomena  presented  by  organs  of  dif- 
ferent physiological  properties.  We  will  begin  with  those 
presented  by  radial  organs,  and  these  we  shall  further  subdivide 
into  those  which  are  peculiar  to  orthotropic  radial  Ofgans,  and 
those  which  are  exhibited  by  plagiotropic  radial  organs.  We 
shall  then  consider  those  presented  by  bilateral  organs,  taking 
first  those  exhibited  by  isobilateral  organs,  and  then  those 
peculiar  to  dorsi ventral  organs. 

It  is  a  familiar  fact,  with  regard  to  orthotropic  radial  uigan>, 
that  primary  shoots  grow  vertically  upwards,  and  that  primary 
roots  grow  vertically  downwards  into  the  soit  Inasmuch  as 
this  takes  place  at  the  most  widely  distant  parts  of  the  earth's 
surface,  the  fact  may  be  more  precisely  stated  thus,  that  the 
shoots  grow  outwards,  that  is,  aw.iy  from  the  centre  of  the 
earth,  and  the  roots  inwards,  that  is  towards  the  centre  of  the 
earth. 
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1  lie  direction  of  growth  thus  definitely  .is^,uniLd  is  not 
n  merely  accidental  one.    Dodart  anfl  bonnet,  \^ilo  appear 
to  have  been  the  first  to  investigate  it  scientificall}%  found 
that  when  shoots  were  inverted,  they  curved  tinUi  they 
came  to  occupy  again  their  normal  position  with  respect 
to  the  vertical   It  is,  then,  a  direction  which  is  assumed  not 
passively  but  actively.   The  cause  of  it  is  not  to  be  found  in 
the  influence  of  h'ght,  for  orthotropic  organs  lUcuiita^  ii  their 
vertical  direction  of  growtli  as  well  in  darkness  as  in  light. 
Duhamel  shewed  that  the  direction  of  growth  of  these  organs 
is  not  an  effect  of  the  influence  of  moisture  as  Dodart  sug- 
gested, nor  an  effect  of  differences  of  temperature  on  two 
opposite  sides  of  the  oigan  as  Bonnet  was  inclined  to  believe. 
The  true  active  cause  was  determined  by  Knight  He  imagined 
that  if  llic  action  of  c;ra\  ity  were  the  cause  of  the  downward 
growth  of  the  radicle  and  of  the  upward  growth  of  the  plumule, 
its  operation  would  be  suspended  by  a  constant  ciiange  in  the 
position  of  the  germinating  seed  with  regard  to  the  vertical, 
and  that  it  might  be  counteracted  by  the  agency  of  centri- 
fugal force.  The  first  part  of  his  idea  is  verified  by  the  results 
of  recent  research.   When  a  germinating  seed  is  made  to 
rotate  slowly  on  a  clinostat,  so  that  its  relation  to  the  ver- 
tical is  constantly  being  altered,  its  plumule  does  not  grow- 
upwards,  nor  its  radicle  downwards,  but  these  organs  tend 
to  grow  straight  in  a  horizontal  plane  in  virtue  of  their 
rectipetality  (see  p.  41 S).   The  second  part  of  his  idea  was 
verified  by  himself.   He  found  that  when  a  germinating  seed 
was  attached  to  a  wheel  revolving  round  a  horizontal  axis  with 
such  rapidity  that  the  centrifugal  force  was  considerable,  the 
radicle  grew  outwards  and  the  plumule  invvaiu:^.,  that  tiicse 
origans  behave,  in  fact,  to  the  influence  of  centrifugal  force  in 
precisely  the  same  way  as  they  do  to  the  influence  of  gravity. 
He  contrived,  further,  to  combine  the  eflfects  of  centrifugal 
force  and  of  gravity  by  causing  the  wheel  to  revolve  round  a 
vertical  axis.    Under  these  circumstances  the  radicle  grew 
obliquely  outwards  and  downwards,  and  the  plumule  obliquely 
inwards  and  upwards.    He  states  his  conclusions  as  follows; 
"I  conceive  myself  to  have  proved  that  the  radicles  of 
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FiGw  51.  (aiter  Knight).  Diagrams  iUnstrating  Knight's  experiments.  wheel 
lotAtiiig  horiioatiJlj  |  the  pUots  grow  nader  the  comtiiiied  mBncnceof  gravity 
and  oentriiiigiU  feice.  B  wheel  rotating  vettiadly ;  the  directum  of  growth 
is  detcnained  hy  the  eentrifngal  Ibiee  alone. 
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j^^crminating  seeds  are  made  to  descend,  and  their  plumules  to 
ascend,  by  some  external  cause,  and  not  by  any  power  in- 
herent in  vegetable  life  ;  and  I  see  little  reason  to  doubt  that 
gravitation  is  the  principal,  if  not  the  only  agent  employed  in 
this  case  by  Nature." 

The  downward  direction  of  growth  of  orthotroptc  roots 
and  the  upward  direction  of  growth  of  orthotropic  stems  are 
due,  then,  to  the  action  of  i^iaviLy ;  the  direction  of  growth  is. 
in  fact,  the  response  of  the  growing  organ  to  the  stimulating 
effect  of  gravity,  just  as  the  assumption  of  a  definite  direction 
of  growth  under  the  influence  of  light  is  the  response  of  the 
growing  organs  to  its  stimulating  action.  Further,  just  as  we 
found  organs  which  curve  towards  or  away  from  the  source  of 
li^hl,  origans  which  arc  respectively  said  to  be  posiii\  cly  or 
negatively  heliotropic,  so  we  find  organs  which  grow  toward.s 
or  away  from  the  centre  of  the  earth,  and  they  are  respectively 
said  to  be  positively  or  negatively  geotropic^  or,  to  use  Darwin's 
terminology,  geotropic  or  apogeotrapic. 

We  have  already  cited  primary  stems  as  examples  of 
negatively  geotropic  shoots,  and  primary  roots  as  examples  of 
positively  geotropic  roots ;  but  to  these  many  more  may  be 
added.  1  he  stipes  of  Mushrooms,  the  sporangiferous  In  ph^ 
of  Moulds,  the  stems  of  Characeae,  the  stalks  of  the  receptacles 
of  Liverworts,  the  seta  of  the  Muscineae,  the  peduncles  of  many 
flowers,  are  examples  of  negatively  geotropic  shoots:  the 
hyphae  of  Moulds  which  penetrate  into  the  substratum,  the 
root-like  filaments  of  Vaucheria,  Caulerpa,  and  other  Algae, 
the  rhizoids  of  Muscineae,  are  examples  of  positively  geotropic 
roots.  The  long  narrow  radial  leaves  of  some  Aluiiocotyledons, 
such  as  the  Onion,  are  further  examples  of  negatively  geotropic 
organs.  Orthotropic  shoots  are  generally  negatively  geotropic, 
but  not  in  all  cases,  for  Sachs  points  out  that  the  rhizomes  of 
Yucca  filamentosa  and  of  Cordyline  rubra  grow  downwards  like 
tap-roots.  Nor  are  all  orthotropic  roots  positively  geotropic, 
for,  as  Schimper  has  found,  the  climbing  roots  of  various 
Epiph)  tcs  arc  negatively  geotropic. 

Cases  of  the  absence  of  geotropic  irritability  are  aflforded 
by  the  hypocotyl  of  the  Mistletoe  (Viscum)  which,  as  Duhamel 
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first  pointed  out,  maintains  any  direction  of  growth  wliich  it 
may  originally  have  assumed,  and  by  the  aerial  roots  of 
various  £piph3^es. 

A  reversal  of  the  geotropic  properties  of  an  organ  may 
take  place  in  the  course  of  Its  development.  Vochting  has 
found,  for  instance,  that  the  peduncle  of  the  Poppy  is  positively 
geotroj>ic  whilst  the  flower  is  in  the  bud,  but  nct^atively  geo- 
tropic during  flowering  and  fruiting:  similarly,  the  peduncle  of 
Tiissilago  Farfara  is  negatively  geotropic  during  the  period 
of  flowering ;  during  the  development  of  the  fruit  the  upper 
part  of  the  peduncle  becomes  positively  geotropic ;  and  finally, 
when  the  fruit  is  mature,  the  whole  peduncle  is  negatively 
geotropic. 

The  foregoing  are  some  examples  of  the  phenomena  of 
geotropism  as  exhibited  by  orthotropic  organs.  In  passing 
now  to  study  the  action  of  gravity  in  producing  them,  we  shall 
subdivide  the  subject  as  we  did  in  treating  of  the  heliotropic 
action  of  light  (p.  43 1 ) ;  we  shall  consider  first  the  effect  of 
variations  in  the  angle  of  deviation — that  is,  of  the  angle 
made  by  the  long  axis  of  an  organ  when  in  an  abnormal 
position,  with  its  long  axis  when  in  the  normal  position  of 
equilibrium  with  regard  to  gravity — ^and  secondly  the  effect 
of  variations  in  the  intensity  of  the  force.  It  is  true  that 
the  force  of  gravity  is  constant ;  but  since,  as  we  have  seen, 
ccntrifu'^al  force  induces  curvature  just  as  gravity  does,  we 
can,  by  .substituting  this  variable  force  for  the  constant  one, 
obtain  results  which  are  probably  the  same  as  those  which 
would  be  obtained  could  we  vary  the  force  of  gravity. 

We  have  learned  that  the  heliotropic  effect  of  light  is 
determined  by  the  angle  of  incidence  of  the  rays,  and  we  shall 
now  find  that  the  geotropic  effect  of  gravity  exhibits  a  similar 
relation  to  the  ani^le  of  deviation.  From  his  experiments  on 
stems  and  roots  Sachs  comes  to  the  conclusion  that  the  geo- 
tropic influence  of  gravity  is  greatest  when  the  long  axis  of  an 
orthotropic  organ  is  at  right  angles  to  the  vertical,  and  that  it 
is  zero  when  the  long  axis  of  the  organ  coincides  with  the 
vertical,  whether  the  apex  of  the  organ  point  upwards  or  down- 
wards,  or  whether  the  organ  be  positively  or  negatively  geo- 
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tropic.  Ill  other  words,  if  \vc  resolve  the  force  of  gravity  into 
two  forces,  the  one  actin<^  at  right  angles  to  the  lon^  axis  of 
the  organ,  and  the  other  along  it,  it  is  only  the  former  that  is 
active  in  producing  a  geotropic  effect,  it  is  clear  that  such  a 
resolution  cannot  be  made  when  the  oigan  is  either  horizontal 
or  vertical ;  in  the  former  position  the  force  of  gravity  acts 
wholly  at  right  angles  to  the  long  axis  of  the  organ,  in  the 
latter,  along  it ;  hence  the  geotropic  effect  is  greatest  in  the 
former  position,  and  it  is  zero  in  the  latter,  and  the  greater  the 
angle  of  deviation  of  the  \on^  axis  of  the  organ  from  the 
vertical  towards  the  horizontal,  the  nnore  marked  will  be  the 
geotropic  effect.  Sachs  bases  this  view  upon  the  fact  that 
geotropic  curvature  is  more  rapidly  produced  when  an  organ 
is  horizontal  than  when  it  is  in  any  other  position. 

The  correctness  of  this  view  is  rendered  somewhat  doubtful 
by  the  observations  of  Klfvin[^.  He  found,  namely,  that  when 
primary  roots,  grow  ing  in  moist  air,  were  placed  so  that  their 
apices  were  directed  upwards,  that  is,  at  an  angle  of  iSo"*  to 
their  normal  direction,  they  curved  domwards  indeed,  hot 
never  so  much  as  to  assume  their  normal  vertically  downward 
direction;  that  is^  the  apex  in  no  case  travelled  through  i8o^ 
In  some  cases  the  angle  described  was  only  a  small  one ;  in 
others  it  was  90°,  so  that  the  roots  rem, lined  horizontal ;  in 
others  it  was  as  larjj^e  as  130°.  The  ant^le  finally  assumed 
in  each  case  is  clearly  the  angle  at  which  gravity  ceased  to 
exert  a  geotropic  influence,  the  differences  in  the  size  of  the 
angle  being  the  expression  of  individual  peculiarities  of 
irritability.  In  no  case  did  a  root  grow  vertically  upwardsi 
but  all  curved  downwards  more  or  less.  The  conclusion  which 
Elfving  draws  from  these  observations  is  that  the  geotropic 
effect  of  gravity  is  greatest  when  the  angle  of  deviation  is 
180°. 

It  may  be  objected  that  the  geotropic  irritability  of  the 
roots  may  have  been  interfered  vrith  in  these  experiments  by 
the  abnormal  conditions  under  which  the  roots  were  placed. 
Sachs  has,  in  fact,  proved  that  this  is  the  case.  Elfving  him- 
self states  that  when  roots  <;r(nvin[^  in  earth  were  plaeed  in  the 
inverted  position,  they  curved  downwards  so  as  nearly  or 
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completely  to  brinc^  about  the  normal  vertically  downward 
direction  of  the  apex.    Doubtless  the  Ljcotropic  irritabilits'  of 
the  roots  growing  in  earth  was  greater  than  that  of  those 
growing  in  moist  air.  But  the  latter  retained  considerable  gco- 
tropic  irritability  nevertheless.  This  is  shewn  by  the  fact  that 
when,  after  having  curved  as  a  consequence  of  their  reversed 
position,  they  were  so  moved  that  the  apices  again  pointed 
vertically  upwards,  tlicy  again  curved  downwards  to  a  ^^reater 
or  a  less  extent    It  is  shewn  further,  and  perhaps  more 
strikingly  by  another  experiment.    Seedlings  were  placed 
with  their  radicles  pointing  radially  inwards  on  a  wheel  rotating 
with  such  a  velocity  that  the  acceleration  of  the  centrifugal 
force  was  about  50^     being  the  acceleration  due  to  gravity), 
and  care  was  taken  to  ensure  a  moist  atmosphere.  L'tuler 
these  circumstances  tliey  naturally  tended  to  curve  outwards, 
as  in  Knight's  experiment  already  described  (p.  456),  for  they 
were  in  an  inverted  position  as  regards  the  direction  of  the 
centrifugal  force ;  and  they  did  so  to  a  much  greater  extent 
than  in  the  previous  experiments  under  the  action  of  gravity. 
In  no  case  was  the  ultimate  angle  of  deviation  from  the  normal 
position  (radially  outwards)  greater  than  45".    These  roots, 
then,  possessed  gcotropic  irritability,  though  in  a  less  degree 
than  roots  grown  under  normal  conditions.    This,  far  from 
being  an  objection,  is  a  support  to  Elfving's  view.  These 
feebly  geotropic  roots  afforded  a  better  means  of  estimating 
the  geotropic  effect  of  gravity  at  different  angles  than  highly 
irritable  roots. 

A  further  objection  to  Elfving's  conclusion  might  be  based 
on  Sachs'  observation  that  geotropic  curvature  is  more  rapidly 
produced  when  an  organ  is  placed  horizontally  than  when  it 
is  in  any  other  position.  Elfving  has  anticipated  this  objection, 
and  urines  that  this  may  be  due  to  the  fact,  mentioned  in 
a  previous  lecture  (p.  40'j),  lli.iL  when  an  organ  is  placed  in 
the  inverted  pobition  it.s  growth  is  retarded  by  the  action  of 
gravit)',  and  consequently  its  curvature  is  slowly  produced. 

Elfving's  experiments  are  obviously  incomplete;  they 
require,  to  be  extended  to  shoots  and  to  other  organs.  But 
they  seem  to  point  to  this  general  conclusion,  that  the  geotropic 
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action  of  gravity  upon  an  orthotropic  organ  is  greatest  when 
that  organ  is  removed  as  ^  as  possible  from  its  normal 
relation  to  the  vertical 

The  discussion  of  these  observations  of  Elfvtng^s  naturally 

leads  us  on  to  tlic  phenomena  presented  by  radial  but  pi  agio- 
tropic  organs.     We  begin  with  lateral  roots.     The  lateral 
roots  which  spring  from  a  tap>root,  do  not  grow  verti<:ally 
downwards  like  the  latter,  but  nearly  horizontally  outwards 
with  a  downward  inclination.  It  mig^t  be  supposed  from  this 
that  lateral  roots  are  not  at  all  geotropic,  and  that  their 
normal  direction  of  growth  is  determined  simply  by  thcar 
relation  to  the  axis  which  bears  them,  by  their  "  proper  angle  " 
(see  p.  421).    They  are,  howev^er,  positively  £r<^otrop!C,  as 
Sachs  has  shewn*    He  found  that  when  a  pot  in  which  a 
seedling  was  growing  was  turned  upside  down,  and  was  kept 
for  some  time  in  that  position,  the  lateral  roots  curved  down* 
wards  so  as  to  assume  their  normal  position  with  r^ard  to 
the  vertical.    He  found,  further,  that  when  seedlings  of  Vicia 
Faba  were  ma  le  to  rotate  with  such  a  velocity  tliat  the  accele- 
ration due  to  the  centr!fii<xa]  force  was       {g  rcprcscntincf  the 
acceleration  due  to  gravity),  the  lateral  roots  of  the  first  order 
curved  outwards  so  that  their  long  axes  approached  the 
direction  of  action  of  the  centrifugal  force.   He  ascertained 
also  that  the  greater  the  centrifugal  force,  the  more  strongly 
marked  was  the  curvature,  though  the  curvature  did  not  increase 
iu  till  cut  proportion  to  the  acceleration  due  to  the  centrifugal 
force,  but  in  some  smaller  proi)ortion. 

These  lateral  roots  are  clearly  organs  endowed  with  low 
geotropic  irritability.  Their  behaviour  is  of  the  same  kind  as 
that  of  the  primary  roots  in  Elfving^s  experiments.  Their 
normal  direction  of  growth  is  just  that  which  is  determined 
by  their  feeble  positive  geotropism.  Their  plaj^iotropism  is 
simply  the  expression  of  their  feeble  geotropic  irriiab.lity, 
just  as  the  orthotropism  of  other  radial  organs  is  the  expression 
of  their  high  geotropic  irritability. 

We  come  now  to  certain  cases  of  plagiotropism  in  radial 
organs  which  cannot  be  explained  in  this  way.  Elfving  has 
observed,  in  the  case  of  the  horizontally  creeping  rhixomes  of 
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Ifeleocharis  painshis,  Spargariiujn  ramosiim^  and  Scirpus 
jHdritimns,  ihiil  their  normal  (Jirccli'm  of  growth  is  horizontal, 
and  that  in  whatever  position  they  may  be  placed,  whether 
their  apices  are  directed  upwards,  or  downwards^  or  at  any 
angle  to  the  horizontal,  Uiey  curve  so  as  to  assume  the 
horizontal  direction  of  growth*  It  is  clear  that  the  plagto- 
tropism  of  these  organs  cannot  be  ascribed  to  a  lack  of 
geutiopic  irritability.  This  they  undoubtedly  possess,  but 
apparently  of  a  peculiar  kind,  of  such  a  kind,  namely,  that 
equilibrium  is  only  attained  when  their  long  axes  are  horizontal. 
This  kind  of  geotropic  irritability  is  termed  Transverse  Geo- 
tropism  (Frank)  or  Diagiotropism  (Darwin). 

Similar  facts  have  been  brought  to  light  by  Vochting  with 
regard  to  peduncles.  He  observed  that  the  flower-buds  of 
Narcissus  Pscudo-Narcissffs  ( Daffodil)  and  those  of  AgapantJius 
umbellatus  are  vertical  until  just  before  they  open,  when  they 
assume  a  horizontal  position.  He  ascertained  by  appropriate 
experiments  that  this  change  in  position  is  due  to  a  change  in 
the  geotropic  irritability  of  the  pedicels.  At  first  they  are 
clearly  negatively  geotropic,  but  their  negative  geotropism 
gives  place  to  diageotropism.  Their  diagcotropisni  is  not, 
however,  so  well  marked  as  that  of  the  rhizomes  mentioned 
above;  it  is  materially  affected  by  their  relation  to  the  vertical. 
We  have  here,  in  fact,  another  illustration  of  the  relation  of 
the  stimulating  effect  of  gravity  to  the  angle  of  deviation. 
If  a  scape  bearing  a  flower  about  to  open  be  placed  hori- 
zontally, no  curvature  will  be  produced,  but  the  pedicel  will 
remain  horizontal,  that  is,  the  long  axis  of  the  flower  will 
continue  to  form  one  straight  line  with  that  of  the  scape.  If 
now,  the  scape  be  raised  gradually  until  it  becomes  vertical, 
the  pedicel  will  curve  so  that  the  horizontal  direction  of  the 
long  axis  of  the  flower  will  be  maintained,  the  curvature 
increasing  as  the  angle  with  the  horizontal  increases.  If, 
however,  the  inclination  of  the  scape  be  such  that  it  is  directed 
obliquely  downwards,  no  curvature  of  the  pedicel  will  take 
place,  but  the  long  axis  of  the  flower  and  that  of  the  scape 
will  continue  to  form  one  straight  line.  The  irritability  of 
the  pedicels  in  these  cases  is  such  that  they  will  only  respond 


Digitized  by  Google 


464 


LLCTUKE  XVIII. 


geotfopically  when  the  angle  made  by  their  long  axes  with 
the  vertical  lies  between  90*  and  o**  in  the  upper  quadrant,  the 

response  bein^  greatest  when  tlic  an^lc  iso^ 

The  question  as  to  the  validity  of  tlie  assumption  of 
Diageotropism  as  a  special  form  of  geotropic  irritabiiity  will 
be  discussed  in  connexion  with  the  geotropic  phenomena 
presented  by  dorsiventral  oxgans. 

Just  as  in  the  case  of  the  action  of  light  upon  growing 
organs,  so  also  in  that  of  the  action  of  gravity,  the  response  of 
the  organ  to  the  action  of  the  stimulus,  as  indicated  by  com- 
mencing curvature,  is  not  at  once  exhibited,  but  a  longer  or 
shorter  "  latent  period "  precedes  it  Sachs  observed,  for 
instance,  in  the  case  of  slender  stems>  that  when  they  were 
laid  horizontal,  the  ttpward  curvature  could  first  be  detected 
at  the  end  of  ) — 2  hours.  Similarly  Darwin  observed  that 
the  stem  of  a  young  plant  of  Cytisus  fragrans  began  to  curve 
upwards  after  h.L\ii^,}^  been  in  a  horizontal  position  for  three 
quarters  of  an  huur.  Again,  as  in  the  case  of  the  action 
of  li:^Ht,  so  also  in  that  of  gravity,  the  induced  cflfect  per- 
sists after  the  stimulus  has  ceased  to  act ;  this  is»  in  fact,  an 
induction  of  geotroptsm  similar  to  the  induction  of  helio- 
tropism.  Sachs  observed  that  when  shoots  were  kept  in  a 
horizontal  position  until  they  began  to  exhibit  a  distinct  up- 
ward curvature,  and  were  then  either  placed  vertically  or  were 
turned  through  1 80'  round  their  own  axes  so  that  their  position 
was  reversed,  the  curvature  continued  to  increase  during  the 
next  I — 3  hours.  In  roots  this  persistent  aftcr-efTect,  this 
induced  geotropism,  is  less  marked  :  Sachs  was  in  fact  unable 
to  detect  it,  but  Frank  and  Ciesielaki  state  that  they  have 
done  so. 

Now  that  wc  know  something  as  to  the  conditions  of  the 
action  of  gravity  upon  orthotropic  radial  on^ans,  we  may  pass 
to  the  consideration  of  the  manner  in  whicli  these  organs  per- 
form geotropic  curvature.  It  is,  like  heliotropic  curvature; 
a  phenomenon  of  induced  heterauxesis.  It  is  effected  in  a 
rapidly  growing  organ  by  the  greater  elongation  of  the  skle  of 
the  organ  which  becomes  convex  as  compared  with  that  of 
the  side  which  becomes  concave;  when,  however,  the  organ  is 
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growing  slowly  or  not  at  all,  it  is  probably  due  to  the  shorten- 
ing of  the  side  which  becomes  concave.  It  appears,  namely, 
that  just  as  we  may  have  heliotropic  curvature  without  growth 
in  length  (p.  436),  so  we  may  have  geotropic  curvature. 
Kirchner  observed  geotropic  curvature  in  roots  of  Peas  and 
Beans,  at  a  temperature  of  2 — 3  5°  C,  a  temperature  at  which 
their  growth  in  leng^th  must  have  been  very  slow  if  it  took 
place  at  all.  When  the  cur\^ature  is  distinctly  accompanied 
by  growth  in  length,  the  rate  of  growth  of  the  convex  side  is 
greater  than  the  mean  rate  of  growth  of  the  whole  organ, 
whereas  that  of  the  concave  side  is  less.  The  relation  be* 
tween  the  rate  of  growth  of  the  convex  and  concave  surfaces 
of  a  geotropically  curving  organ,  as  well  as  the  relation  of  the 
rate  of  growth  of  the  or^a,n  as  a  whole  to  that  of  a  similar 
organ  growing  in  the  normal  direction  is  well  illustrated  by 
Sachs'  observations  on  the  roots  of  yicia  Fada,  an  example 
of  which  is  given  below. 

One  seedling  was  placed  with  its  root  vertical,  and  another  simUar 
seedling  was  placed  with  its  root  horizontal :  each  root  was  marked  out 
into  lengths  of  2  in.in.  each.  At  the  end  of  14  hours  the  four  apical 
lengths  of  the  horizontal  root  a  portion  8  m.m.  long)  had  grown  and 
twcoine  curved. 

Increment  of  length  of  convex  side      ...      lo  Sm.m. 

„  „         concave  „       ...       ^'i  » 

Mean  increment    ...      ...      ...      ...       3*4  ff 

The  corresponding  portion  of  the  vertical  root  had  grown  in  the  same 
time  to  the  extent  of  io'$  m.m. 

Comparing  these  results,  and  taking  10^5  as  the  normal  increment  of 
growth  of  the  root,  we  find  that 

1.  The  increment  of  the  convex  side  exceeds  the  normal  by  0*3  m.m« 

2.  n         i>  concave  side  falls  short  of       »       4'4  „ 

3.  Mean    „        „         curving  root        „  n       ^'^  n 

Sachs  has  arrived  at  the  same  result  by  comparing  the  length  of  the 
cortical  parenchymatous  cells  of  the  convex  and  concave  sides  of  the 
curving  region  of  roots  with  that  of  the  cells  of  the  straight  portion  :  the 
numbers  refer  to  divisions  of  the  micrometer;  ihe  measurements  here 
given  refer  to  the  root  ot  Aescuius  Hippoautanum, 

V.  30 

Digitized  by  Coogle 


466 


LECTURE  XVllL 


Ifeaaleagliiofedli  of  ifcta^ht  pordon  of  tool   aori 

•»        J)  convex  sido  •••  28*1 

gf        ft  C0HIC1.V0  ndc  •>*  9*3 

ff        ft  curved  pordon  of  root  ••>  1S7 

Diffieicnce  1*4 

The  action  of  gravity  induces  grow^  in  organs  wbkh 

have  ceased  to  grow  but  which  are  still  capable  of  growth,  or 
more  rapid  growth  in  organs  which  arc  growing  but  slowly, 
provided  that  they  are  geotropically  irritable.  A  case  in 
point  is  afforded  by  the  haulms  of  Grasses,  to  which  ailusioa 
was  made  in  a  previous  lecture  (p.  333).  After  tfaey  have  en- 
tirely or  nearly  ceased  growing  in  the  normal  vertical  positiont 
they  will,  if  laid  horizontally,  begin  to  grow  again  at  the  nodes 
with  considcr,Ll)lL  activity,  the  result  being  an  upward  cur- 
vature. Klfviiig  iiiis  compared  the  rate  of  growth  of  Grass- 
haulms,  which  had  nearly  ceased  growing,  when  in  the  vertical 
position  and  when  rotated  horizontally  on  a  clinostaL  In  one 
set  of  observations  he  found  that  the  mean  increment  in 
44  hours  waSf  for  the  vertical  haulms  2*4  (micrometer-divisions), 
and  6*4  for  the  haulms  on  the  clinostat;  in  another  set  the 
figures  are  respectively  r3  and  ir^.  The  effect  of  the  slow 
rotation  on  the  clinostat  is  that  each  side  in  turn  tends  to 
become  convex,  that  is,  begins  to  grow  more  rapidly^  and  thus  1 
the  rate  of  growth  of  the  whole  haulm  is  increased. 

Growth,  we  know,  depends  upon  tutgescence ;  hence  the  | 
geotropic  curvatures  of  growing  organs  depend  upon  the 
turgidity  of  their  cells  ;  and  since  it  is  only  living  cells  con- 
taining protoplasm  which  can  be  turgid,  it  must  be  by  such 
cells  of  the  organ  that  its  curvature  is  effected.   Such  cells 
constitute  the  parenchymatous  tissue  of  the  oigan.   It  might  ^ 
be  thought  that  the  pith  plays  an  important  part  in  pro- 
ducing curvature,  but  it  appears  that  this  is  not  the  case.  i 
Sachs  found,  namely,  that  the  pith  of  shoots,  when  freed  from 
the  other  tissues,  cannot  be  induced  to  curve  geotropically, 
and  de  Vries  found  the  same  to  be  the  case  with  the  me- 
dullary tissue  of  the  nodes  of  Grass-haulms.    Sachs  has  also 
observed,  in  a  shoot  of  Nicotiana  Tabacum  which  had  become 
geotropically  curved,  that  when  the  pith  was  isolated  it  at 
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once  became  perfectly  straight,  an  observation  which  has  been 
r^)eated  in  various  plants  with  similar  results  by  Frank. 
Again,  as  Frank  points  out,  organs  which  have  no  pith,  such 
as  the  hollow  leaves  of  the  Onion,  aie  capable  of  becoming 
geotropically  curved  It  appeals  that  it  is  the  cortical  paren- 
chyma which  is  most  concerned  in  producing  the  curvature. 

With  regard  to  the  seat  of  the  geotropic  curvature,  it  ap- 
pears from  the  observations  of  Frank  and  of  Sachs  on  roots, 
and  from  those  of  Sachs  on  shoots,  that  the  most  rapidly 
glowing  2ones  are  those  which  curve  most,  but  it  is  probable 
that^  as  in  the  heliotropic  curvature,  this  is  not  always  the 
case. 

We  pass  to  enquire,  in  concluding  the  subject,  whether  the 
geotropic  irritability  is  confined  to  a  particular  portion  of  the 
growing  region  of  an  organ,  or  whether  it  is  distributed 
througiiout  it.   The  view  which,  until  recently,  has  been  gene- 
rally accepted  is  that  the  region  of  most  active  curvature  is 
the  seat  of  the  greatest  irritability.  We  have  at  present  no 
grounds  for  doubting  the  correctness  of  this  view,  except  with 
regard  to  roots,  in  which,  as  Darwin  first  pointed  out,  there 
appears  to  be  some  reason  to  believe  that  a  coincidence  of 
the  seat  of  the  most  active  curvature  witli  that  of  the  greatest 
itritabilily  does  not  obtain,  but  that  they  are  more  or  less 
widely  separated.    This  view  was  suggested  by  Ciesielski's 
obseivation  that  when  the  roots  of  seedlings  (Pisum,  £rvum» 
Vicia)  which  had  had  their  tips  cut  off.  were  laid  horizontal, 
the)-  did  not  curve  geotropically  ;  when,  however,  the  roots 
which  had  had  their  tips  cut  off  were  left  for  some  days,  they 
formed  new  growing  points,  and  then  they  at  once  began  to 
curve  geotropically.   From  these  facts  Ciesielski  inferred  that 
the  geotropic  curvature  of  a  root  can  only  take  place  when  the 
root  possesses  an  uninjured  growing-point   Darwin  repeated 
Ciesielski's  experiments  with  numerous  variations,  and  ob- 
tained confirmatory  results.    In  exphiining  the  facts,  D;u  \vin 
goes  much  further  than  Ciesielski.    He  considers  the  im- 
portance of  the  tip  in  relation  to  the  geotropic  capability 
of  the  root  to  be  this,  that  it  is  the  seat  of  the  geotropic 
irritability,  that  it  receives  the  stimulus  and  transmits  it 
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to  the  growing  zones  behind  it  in  which  the  curvature  takes 
place. 

The  assertion  by  Darwin  of  the  localisation  of  geotrofMC 
irritability  in  the  tips  of  roots  has  given  rise  to  a  number  of 

researches  on  the  subject  the  results  ol  which  are  conflicting. 
The  cause  of  this  conflict  is  the  difficulty  of  ensuring  the 
normal  growth  of  roots  under  conditions  favourable  for  ob- 
servation, and  the  fact,  to  which  Sachs  iiist  drew  attention, 
that  the  removal  of  the  tip  causes  roots  to  undetgo  the  most 
various  curvatures.  This  irregularity  is  due,  as  Darwin  and 
Kii  chuer  state,  to  an  obHque,  that  is  not  exactly  transverse., 
"decapitation",  a  curvature  taking  place  towards  the  longer 
side  of  the  injured  root,  but  Detlefsen  replies  that  when  roots 
are  vigorous,  irr^lar  nutations  follow  decapitation  even  when 
the  section  is  as  nearly  as  possible  transverse.  Some  observers^ 
such  as  Sachs  and  Detlefsen,  deny  altogether  that  decapitated 
roots  are  incapable  of  geotropic  curvature.  Wiesner  admits 
that  the  capability  of  performing  geotropic  cur\'ature  is 
diminished  by  decapitation,  and  ascribes  the  diminution  to  a 
diminished  turgidity  of  the  growing  cells.  He  finds  also  that 
a  decapitated  root  grows  in  length  less  rapidly,  when  in  moist 
air,  than  an  uninjured  root— -an  observation  which  has  been 
confirmed  by  Molisch — ^though  it  grows  more  rapidly  when  in 
water.  On  the  other  hand  Darwin's  view  is  supported  by  tlie 
observations  of  F.  Darwin,  Kirchner,  Krabbe,  and  Bruncliorst. 
F,  Darwin  finds,  in  repeated  experiments,  that  decapitated 
roots  do  not  curve  geotiopicaliy,  and  that  decapitation  does 
not  so  diminish  the  activity  of  growth  in  length  of  a  root 
as  to  account  for  its  loss  of  geotropic  irritability.  Kirchner 
also  denies  that  there  is  any  such  difference  in  the  rate  of 
growth  in  length  of  normal  and  decapitated  roots  as  Wiesner 
and  MoHsch  assert,  and  points  out  that,  even  admitting  this 
to  be  the  case,  geotropic  curvature  is  not  proportional  to 
the  rate  of  growth  in  length.  From  Krabbe's  observations 
it  would  appear  that  decapitated  roots  grow  in  moist  air 
rather  mure  rapidly  than  normal  roots.  Brunchorst  has 
made  the  very  remarkable  observation  that  if  the  com- 
munication between  the  region  of  curvature  and  the  tip  of 
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the  root  be  impaired  by  the  removal  of  a  ring  of  cortical 
tissue,  the  root  will  not  curve  when  placed  horizontally.  Both 
Brunchorst  and  Wiesner  have  Investigated  the  effect  of  centri* 
fugal  force  on  decapitated  roota  They  both  found  that  when 

the  roots  are  in  a  moist  chamber,  they  curved  outwards  under 
the  inllucnce  of  this  (ova-  like  normal  roots,  but  Brunchorst 
observed  that  they  did  nut  su  curve  when  the  chamber  was 
loosely  filled  with  damp  sawdust.  Brunchorst  concludes  from 
this  that  tiie  curvature  observed  in  the  moist  chamber  is  not 
a  response  to  the  stimulus  of  the  centrifugal  force,  but  Is  a 
purely  mechanical  result  which  is  prevented  by  the  intro- 
duction of  the  moist  sawdust.  On  the  whole,  then,  the 
evidence  is  clearly  in  favour  of  Darwin's  view  that  geotropic 
irritability  is  localised  in  the  tips  of  roots. 

We  go  on  now  to  consider  the  geotropic  phenomena  of 
bilateral  ofgans,  and  we  he^n  with  those  of  isobilateral 
ofgans.  The  long  narrow  flattened  leaves  oi  Monocotyledons 
such  as  Iris  are  already  familiar  to  us  as  examples  of  organs 
of  this  kind.  All  that  we  have  to  say  with  re|]^ard  to  them  is 
that  they  are  orthotropic  and  ney^atively  geotropic. 

We  have  to  consider,  finally,  the  geotropic  phenomena  of 
those  bilateral  ofgans  which  are  dorsiventral.  We  find»  in 
the  first  place,  that  many  oigans  which,  when  eacpoaed  to 
light,  take  up  the  plagiotropic  position  characteristic  of  dorsi- 
ventral organs,  do  not  do  so  in  the  absence  of  light,  but  that, 
under  these  circumstances  in  which  gravity  is  the  one  ex- 
terna! directive  influence  which  acts  upon  them,  they  grow 
erect,  they  are  orthotropic*  This  is  tlie  case,  as  Frank  has 
shewn,  with  the  creeping  shoots  of  LysivuMckia  Nummmiaria^ 
Pofygmum  avimka^St  AUripUx  latifolia  and  other  plants,  with 
radical  leaves,  and  with  the  thalloid  Aoots  of  Mardumtia. 
Other  instances  are  doubtless  aflforded  by  the  shoots  of  fro- 
paeolum  and  of  the  Ivy  to  which  reference  was  made  in  our 
discussion  of  hcliotropism  (p.  443).  We  know  already  that, 
in  the  case  of  the  creeping  shoots  above-mentioned,  their 
dofsventrality  is  induced  by  the  action  of  light,  and  we 
cannot  be  surprised  to  learn  that  in  the  absence  of  light 
they  should  exhibit  the  negative  geotropism  characteristic  of 
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orthotropic  radial  shoots.  Radical  leaves,  and  the  shoots  of 
Marchantia.  afford  us  examples  of  permanently  dorsiventral 
organs  which  are  negatively  geotropic. 

But  all  organs  which  are  dorsiventral,  and  therefore  plagio- 
tropic  under  normal  conditions  of  growth,  do  not  bdiave  in 
this  way.  Frank  has  observed,  for  instance*  that  the  ninneis 
of  Fragaria  btcida,  the  lateral  branches  of  Conifers  and  of  many 
dicotyledonous  shrubs  and  trees  maintain  their  plagiotropic 
habit  even  in  darkness.  When  they  are  placed  with  their  apices 
directed  upwards  or  downwards,  they  curve  so  as  to  assume  a 
more  or  less  horizontal  direction.  And  further,  when  they 
are  placed  horizontally  in  the  inverse  position  so  that  dieor 
morphologically  inferior  surges  are  directed  upwards  and 
their  morphologically  superior  surfaces  downwards,  they  twist 
on  their  own  axes  until  the  normal  relation  of  these  faces 
with  respect  to  the  vertical  is  attained.  Many  leaves  were 
also  found  to  behave  in  this  way. 

In  considering  the  geotrc^ic  phenomena  presented  by 
these  dorsiventral  organs,  two  facts  are  to  be  clearly  dis- 
tinguished from  each  other,  namely,  the  maintenance  of  the 
horizontal  direction  of  growth,  and  the  maintc  nance  of  the 
normal  relative  position  of  the  two  opposed  sides  of  the  organ. 
As  far  as  the  former  is  concerned  these  organs  behave  pre- 
cisely like  those  radial  organs  which  we  have  already  con- 
sidered (p  463):  the  latter  is  a  peculiari^  of  dofsiventral 
organs.  The  maintenance  of  the  horizontal  position  in  both 
cases  may  be  ascribed  to  Frank's  diageotropism :  but  there 
is  tliis  difference  between  the  diageotropism  of  plagiotropic 
radial  organs  and  that  of  dorsiventral  organs,  that,  in  the 
former  case,  it  is  indifferent  which  side  of  the  organ  lies  upper- 
most, whereas  in  the  latter  there  appears  to  be  a  tendenqr  to 
maintain  the  morphologically  superior  surface  uppermost  in 
all  cases,  and  the  morpholt^cally  inferior  surface  undermost 

The  assumption  of  the  existence  of  diageotropism  has 
naturally  been  exposed  to  a  good  deal  of  criticism  ;  but  this 
criticism  has,  so  far,  been  confined  to  the  diageotropism  of 
dorsiventrnl  organs.  With  regard,  first  of  all,  to  the  main- 
.  tenance  of  the  horizontal  direction  of  growth,  de  Vries  has 
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found  that  the  runners  of  Fragaria  canadensis  do  not  remain 
horizontal  when  kept  in  darkness,  but  curve  upwards,  and  he 
rightly  infers  that  they  are  negatively  geotropic  He  has 
likewise  found  that  the  lateral  branches  of  Conifers  and  di» 

cotyledonous  trees  do  not  in  all  cases  maintain  their  hori- 
zontal direction  of  growth  in  darkness,  and  when  this  is  the 
case  he  accounts  for  it  in  a  different  way.  For  instance,  he 
found  that  the  upward  curvature  of  such  branches  was  in 
some  cases  interfered  with,  and  in  others  prevented,  by  the 
weight  of  the  leaves :  here  the  cause  of  the  more  or  less  com- 
plete maintenance  of  the  horizontal  tiircction  of  growth  is  a 
purely  mechanical  one.  In  other  cases  he  observed  that  the 
leafless  brancii  (Tilia)  maintained  its  horizontal  direction  of 
growth  in  darkness  when  its  morphologically  superior  sur- 
face was  uppermost,  and  that  it  did  not  do  so,  but  curved 
upwards,  when  its  morpholog^ically  superior  surface  was 
undermost.  The  branch,  he  says,  was  clearly  cpinastic ; 
the  maintenance  of  the  horizontal  direction  of  ^owth  in  the 
first  instance,  was  due  to  the  exact  counterbalancing  of  nega- 
tive geotropism  by  epinasty;  the  upward  curvature  in  the 
second  instance,  to  the  cooperation  of  negative  geotropism 
and  epinasty.  In  other  cases  (Ulmus,  Corylus,  Picea)  he 
found  that  leafless  shoots,  when  placed  in  tlie  normal  hori- 
zontal position,  curved  upwards,  and  when  placed  in  the  in- 
verse position,  downwards.  These  slioots  were  hyponastic.  In 
the  former  position  hyponasty  and  negative  geotropism  co- 
operated and  produced  the  upward  curvature;  in  Uie  latter 
they  acted  antagonistically,  but  the  former  was  sufficiently 
strong  to  overcome  the  latter,  and  the  downward  curvature 
resulted.  In  a  word,  the  positions  assumed  by  dorsiventral 
shoots  growing  in  darkness  arc  regarded  by  de  Vries  as  the 
results  of  the  simultaneous  action  of  spontaneous  heterauxesis 
and  negative  geotropism. 

With  r^ard  now  to  the  special  peculiarity  of  the  dia- 
geotropism  of  dorsiventral  organs,  the  maintenance  of  the 
morphologically  superior  and  inferior  surfaces  in  their  normal 
relative  positions.  The  torsions  which  Frank  found  to  take 
place  when  dorsiventral  shoots  were  placed  with  their  superior 
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surfaces  downwards,  are  ascribed  by  de  Vries  to  the  unequal 
weight  of  the  leaves  on  the  two  s\dc^.  He  found  that  wlieo 
lateral  branches  ( Ulmus  camfestris,  Ceiiis  ausiralis^  Rkodei/pm 
kerrioidesy  etc.)  from  which  the  leaves  had  been  removed,  were 
fixed  horizontally  in  the  Inverse  position,  whilst  sttll  in  con- 
nexion with  the  plant,  they  curved  upwards  without  undergo- 
ing any  torsion;  whereas  branches  bearing  leaves, when  treated 
in  a  similar  manner,  underwent  torsion  as  they  attempted  to 
curve  upwasds.  De  Vries  explains  the  torsion  in  tiie  latter 
case  by  sa3dng  that  the  leaves,  when  in  the  inverse  pofliti6n» 
curved  upwards  in  consequence  of  negative  geotropism  and  of 
c]H nasty,  and  since  the  curvatures  were  not  quite  uniform, 
the  mechanical  moment  of  the  weight  of  the  leaves  on  the 
two  sides  of  the  branch  was  unequal,  and  tended  to  twist  the 
branch  on  its  own  axis.  He  points  out  that  the  normal 
torsions  which  take  place  in  the  Intemodes  of  branches  bear- 
ing decussate  leaves,  which  are  sudi  tliat  the  leaves  come  to 
lie  in  two  planes,  are  due,  not  as  Frank  suggested  in  the  case 
of  Deutzia  scabra,  to  diageotropism,  but  simply  to  the  me- 
chanical effect  of  the  unequal  weight  of  the  leaves.  Tlic  same 
cause,  de  Vries  believes,  induces  the  torsion  of  leaves  when 
placed  in  the  inverse  position.  When  a  mid-rib,  freed  from 
the  lamina,  is  placed  in  this  position.  It  curves  upwards  with- 
out torsion ;  when,  however,  the  leaf  is  entire  torsion  results 
so  that  the  morphologically  superior  surface  curves  to  the 
uppermost.  This  torsion  de  Vries  ascribes  to  the  fact  that 
the  mid-rib  does  not  curve  upwards  exactly  in  a  vertical  plane, 
but  tends  somewhat  to  one  side ;  consequently  the  strain  oa 
the  two  sides  is  unequal  and  torsicm  results. 

In  support  of  the  assumption  of  the  diageotropism  of  dorsi* 
ventral  shoots  it  may  be  pointed  out,  as  Frank  does,  that  it  is 
not  obvious  in  de  Vries'  explanation  why  the  torsion  should 
just  cease  when  the  leaves  come  to  lie  horizontally  again,  for 
it  is  precisely  in  this  position  that  the  inequality  of  the 
mechanical  moment  on  the  two  sides  of  the  shoot  would  exert 
its  greatest  twisting  effect  It  would  be  quite  intelligible  that 
they  should  so  twist  the  axis  as  to  come  to  lie  in  a  vertical 
plane,  but  this  is  not  the  position  which  th^  assume. 
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In  summing  up  the  evidence  for  and  against  the  assump* 
tion  of  diageotropism^  we  find  that  it  is  unassailed  as  regards 
radial  organs,  and  in  fact»  with  the  case  of  the  rhizomes 
observed  by  Elfving  (p.  462)  in  view,  it  seems  to  be  unassail- 
able. But  the  case  for  the  diagcotropism  of  dorsiventral 
organs  has  not  been  as  clearly  made  out  as  that  for  their 
diaheliotropism  (p.  449);  before  the  question  can  be  regarded 
as  finally  settled  more  experimental  evidence  must  be  forth- 
coming. 

A  full  discussion  of  the  details  of  the  mechanism  by  which 

geotropic  curvature  is  effected  will  be  given  in  a  subsequent 
lecture  when  the  general  question  of  curvature  will  be  gone 
into.  It  need  only  be  urged  here,  as  it  was  previously 
with  r^^rd  to  heliotropism — and  it  is  more  obviously  true  in 
the  case  of  geotropism — ^that  curvature  is  not  the  expression 
of  the  directive  action  of  the  force  on  the  cells  or  cell-walls, 
retarding  the  growth  of  one  side  of  the  organ  and  accelerating 
that  of  the  other,  but  that  it  is  the  response  of  the  organ 
as  a  whole  to  the  action  of  the  force,  whereby  it  is  stimulated 
to  take  up  a  definite  portion  with  regard  to  the  direction  in 
which  the  force  acts. 

Currmtof  Water,  Jonsson  has  observed  that  the  direction 
of  growth  of  plant-organs  is  affected  when  they  arc  exposed 
to  the  influence  of  a  current  of  water ;  he  desipfnates  the  in- 
duced phenomena  by  the  term  Rheotropism,  Organs  grown 
under  this  condition,  place  themselves  so  that  their  long  axes 
lie  in  the  direction  of  the  current  The  hyphae  of  Moulds  (Phy- 
comyces,  Mucor)  took  up  such  a  position  that  their  direction 
of  gro\vi:h  coincided  with  the  direction  of  the  current,  they 
were,  as  Juiishon  puts  it,  positively  rheotropic.  The  hyphae 
of  Botrytis  cinerea^  however,  took  up  such  a  position  that  their 
direction  of  growth  was  opposed  to  that  of  the  current ;  they 
proved  themselves  to  be  negatively  rheotropic  The  radicles 
of  Maize-seedlings  likewise  proved  themselves  to  be  negatively 
rheotropic,  as  did  also  those  of  Rye-  and  Wheat-seedlings. 

It  appears,  then,  that  the  force  of  a  current  of  water 
exercises  a  directive  influence,  that  it,  in  fact,  induces  heter- 
auxesis,  and  so  give  rise  to  curvatures  of  plant-organs. 
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CMifani  Gaiwmk  Qumm.  Elfving,  in  his  reseaidies  oo 

the  effect  of  the  passage  of  electric  currents  through  growing 
organs  (p.  410),  found  that  when  a  root  is  placed  in  a  vertical 
position  between  two  electrodes,  it  usually  curves  towards  the 
positive  electrode,  that  is,  against  the  direction  of  the  carrent 
He  found  that  a  similar  curvature  takes  place  when  the  loot 
is  traversed  loogitudinally  by  a  descending  current ;  only  m 
the  case  of  Bmssica  oleraem  was  the  curvature  townnki  tlie 
negative  pole.  These  phenomena  may  be  conveniently 
design  at  Of!  by  the  term  Galvanotropism. 

Miilier-Hettlingen,  in  his  investigation  of  the  same  subject, 
found  that  the  curvature  of  the  roots  of  seedlings  was  ahmys 
such  as  to  tend  to  place  their  long  axes  in  the  direction  of  the 
current,  the  curvature  being  towards  the  negative  pole.  In 
his  experiments,  in  which  the  mode  of  experimentation  was 
somewhat  different  from  Elfving's,  the  roots  did  not,  except 
in  a  few  cases,  die.     Midler  concludes  that  the  curvature 
observed  by  him  is  the  true  galvanotropism,  whereas  that 
observed  by  Elfving  is  a  pathological  phenomenon,  not  de- 
pendent necessarily  on  growth^  for  it  could  be  induced  after 
cutting  off  the  tip  of  the  root  as  Elfving  himself  states.  It 
may  be  pointed  out  that  Elfving  used  2,  4,  or  6  Leclanch^ 
cells,  and  Miiller  4  Grove's  cells.    Miiller  found,  further,  that 
the  curvature  was  induced  when  the  current  traversed  only 
the  tip  of  the  root,  an  observation  which  confirms  Darwin's 
viewi  to  which  allusion  has  already  been  mad^  that  irritability 
is  localised  in  the  root-tip. 

It  is  clear  that  the  passage  of  a  current  through  a  root 
exercises  a  directive  influence,  that  it  induces  heterauxesis  and 
so  alters  the  dirccii  on  of  growth.  If  we  accept  Elfving's 
results,  we  must  regard  the  majority  of  roots  as  being  negatively 
galvanotropic,  and  some  as  being  positively  galvanotropic ;  if 
we  accept  Miiller*s  results,  we  must  regard  roots  as  being  all 
positively  galvanotropic. 

The  Substratum.  Dutrochet  observed  that  the  hypocotyl 
of  the  Mistletoe,  in  \\  halc\  Lr  position  the  seed  may  ha\  e  been 
placed,  assumes  such  a  direction  of  growth  that  its  long  axis 
is  perpendicular  to  the  surface  of  the  branch  or  other  body 
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upon  which  the  seed  has  germinated,  and  he  recalled  and 
confirmed  Spallanzani's  observation  that  the  sporangiferous 
liyphae  of  Moulds  grow  perpendicularly  outwards  from  their 
substratum.  He  proved,  moreover,  that  the  influence  of  the 
substratum  on  the  growing  oi^an  is  not  due  to  the  mere 
physical  attraction  between  them,  ^at  is  the  result  of  a 
stimulating  effect  on  what  he  terms  the  "nervimotility"  of  the 
organ. 

Dutrochet's  observations  on  Moulds  have  been  comparatively 
recently  confirmed  by  Sachs,  who  has  found  that  when  Mucor- 
spores  are  sown  on  a  suspended  cube  of  bread,  in  darkness, 
the  sporangiferous  hyphae  developed  on  the  upper  surface  of 

the  cube  grow  vertically  upwards,  whereas  those  developed  on 
the  lateral  and  inferior  surfaces  grow  for  a  time  perpendicularly 
outwards,  but  subsequently  curve  upwards  in  consequence  of 
negative  geotropism.  The  perpendicular  direction  of  growth 
of  the  hyphae  growing  on  the  lateral  and  inferior  surfaces  of 
the  cube  is  maintained,  in  opposition  to  geotropism  for  a  time, 
until  they  aLUiin  a  certain  length, and  then  geotropic  cuiA'atin  i; 
tal.cs  place.  The  directive  influence  of  the  ^ubstraium  tlius 
appears  to  be  limited  to  a  certain  distance  from  its  surface. 
Mycelial  hyphse  were  only  developed  on  the  lateral  and 
inferior  surfaces  of  the  cube  of  bread,  in  no  case  on  the  upper 
surface ;  those  that  projected  from  the  lateral  surfaces  behaved 
just  like  the  sporan^^iferous  hyphae,  only  they  subsequently 
curved  downwards  ;  those  wluch  projected  from  the  inferior 
surface  grew  straight  downwards.  Similar  results  were  obtained 
by  Sachs  with  Pilobolus  and  Coprinus. 

From  these  observations  it  is  clear  that  the  substratum 
exerts,  for  a  time  at  least,  a  directive  influence  on  growing 
organs,  which  is  spoken  of  as  Sojnatotropism  ;  and  growing 
orf:jans  may  be  classified  according  to  their  response  to  this 
influence,  into  two  classes,  the  positively  and  the  negatively 
somatotropic ;  the  former  are  represented  in  the  above  obser- 
vations by  the  radicle  of  the  Mistletoe,  and  the  mycelial  hyphx 
of  the  Fungi,  which  tend  to  grow  perpendicularly  inwards  into 
the  substratum  ;  the  latter,  by  the  primary  stem  of  the  Mistletoe, 
and  by  the  sporiferous  hypha:  of  the  Fungi.    We  may  go  so 
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lar  as  to  make  this  generalisation,  that  shoot-or^aos  are 
negatively,  and  root-organs  are  positively  somatotropic 

But  the  observations  before  us,  valuable  as  tfaey  are,  are  not 
qnite  conclusive^  for  the  directive  influence  of  gravity  was  not 

eliminated.  In  the  case  of  the  Mistletoe  this  is  not  a  point  of 
great  impnrt.ince,  for,  as  has  been  already  mentioned  (p.  45S). 
the  hypoculyl  is  scarcely  at  all  gcotropic,  but  in  the  case 
oi  the  Fungi  it  is  of  importance  for  their  hyphae  are  markedly 
geotroplc  It  is  easy  to  imagine  that  aldiough  an  organ  may 
tend  to  confonn  to  this  law  of  perpendicular  growth,  yet  its 


Fig.  $%  (after  Sachs).   ^,  the  axk  of  rotatiaii ;      the  cube  of  turf;  a—k,  secd- 
iiap  of  LefuHum  miitmm  and  Linum  usitatissimum  developed  during 

rotation  ;  m — m.^,  sporangiferoir-;  hyphx^  of  .'Sfriror  Afnmfo.  The  obliquity  of 
the  organs  growing  on  the  flanks  of  the  cube  is  due  to  the  throwing  of  a 
shadow  by  the  thick  axle. 

irritability  to  the  action  of  other  directive  influences  may  be 
sndi  as  to  induce  effects  which  entirely  mask  the  effort  towards 
perpendicular  growth.  The  influence  of  light  can  be  eliminated, 
either  by  keeping  the  plant  in  darkness,  or  by  causing  the 
plant  to  rotate  slowly  round  either  a  vertical  or  a  horiaontal 
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aads  in  such  a  position  vnth  regard  to  the  dtrectkMi  of  the 
incident  rays  that  each  side  of  the  organ  under  observation 

ixcci\'Ls  till  c^iual  amount  of  illumination,  whea  heliotropic 
curvature  is  an  impossibility.   The  influence  of  gravity  can  be 
eliminated  by  rotation  on  a  clinostat.    In  experiments  per- 
formed under  these  conditions,  Sachs  found  the  tendency 
towards  peipendicular  growth  to  exhibit  itself  in  an  unmistak- 
able manner,  in  the  growth  of  the  sporangiferous  hyphae 
of  Moulds  and  of  the  shoots  of  seedlings  of  various  kinds. 
The  radicles  r  f  the  seedlings  did  nut,  in  most  cases,  grow 
straight  inwards  into  the  piece  of  turf,  as  the  accompanying 
figure  shews.    Tills  is  due  to  the  disturbing  influence  of 
another  directive  ^ent,  the  moistness  of  the  substratum,  an 
influence  which  we  shall  shortly  proceed  to  consider. 

These  facts  clearly  prove  that  the  substratum  exercises 
a  directive  influence  upon  the  growth  of  organs  developed 
upon  it  This  influence  is  suflficiently  powerful,  as  the  above 
figure  shews,  to  induce  heterauxesis  and  thus  to  give  rise  to 
curvatures. 

Moisktn.  The  fact  that  roots,  when  brought  Into  the 
neighbourhood  of  mcMst  surfaces,  curve  towards  them,  appears 
to  have  been  long  known  to  physiologists.   Bonnet  mentions 

it,  but  Knight  sucms  to  have  been  the  first  to  make  it  the 
subject  of  experiment,  and  in  this  he  has  been  followed  by 
Johnson,  Duchartre,  Sachs,  Darwin,  Wiesner,  and  Molisch. 
The  mode  of  experiment  is  very  much  the  same  in  all  cases. 
Seeds  are  sown  in  damp  moss  or  sawdust  contained  in  a 
vessel,  suspended  vertically  or  obliquely,  the  bottom  of  which 
is  perforated  with  holes  large  enou|^  to  allow  the  roots  of  tiie 
seedlings  to  pass  through  theffl.     In  consequeiicc  of  their 
positive  geotropisiu,  the  primRry  roots  of  the  socdlings  grow 
downwards  till  they  pass  out  into  the  air  through  the  holes  in 
the  bottom  of  the  vessel    Hien  their  direction  of  growth 
ahert.   They  no  longer  grow  vertically  downwards,  but  curve 
upwafxls  so  as  to  apply  themselves  to  the  moist  surface :  the 
inlluLnce  of  gravity  has  been  overcome  by  the  action  of 
another  stimulus  which  calls  forth  from  the  roots  a  more 
powerful  response.    These  observations  do  not,  however^ 
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prove  that  the  stimulus  in  question  is  due  to  the  dampness  of 
the  moist  surface,  but  special  experiments  have  been  made 
which  supply  the  necessary  evidence.  Knight  and  Johnson 
found,  for  example^  in  the  course  of  their  experiments*  that 
when  the  air  into  which  the  roots  of  the  seedlings  penetrated, 
after  escaping  through  the  holes  in  the  vessel,  was  saturated 
with  moisture,  the  roots  continued  to  c^row  vertically'  down- 
wards, The  curvature  is,  then,  the  response  of  the  root  to  the 
stimulating  influence  of  the  moist  surface*  and  it  is  to  this  thai 
Darwin  has  applied  the  term  Hydrotropism, 

We  see  that  a  root  behaves  to  the  stimulatii^  action  of  a 
moist  surface  much  in  the  same  way  as  it  does  to  the  action 
of  gravity;  so  we  may  say  that  a  root  is  positivcl>'  hydro- 
tropic  just  as  we  say  that  it  is  positively  geotropic.  We  may 
also  go  a  step  further  and  enquire  if  there  are  such  things  as 
n^ativ  ely  hydrotropic  organs ;  we  might  expect,  for  instance, 
that  since  roots  are  positively  hydrotropic*  stems  would  be 
negatively  hydrotropic  It  appears,  from  the  researches  of 
Molisch,  that  stems,  with  the  possible  exception  of  the  h\  po- 
cotyl  of  Linum  usitatissimum  which  exhibited  some  sigiis  f>f 
negative  hydrotropism,  are  not  hydrotropic  at  all.  Wortmann 
has,  however,  observed  that  the  sporangiferous  hyphae  of 
Phycomyces,  are  distinctly  n^;atively  hydrotropic,  for  they 
curve  away  from  any  moist  surface  which  may  be  brought 
near  to  them.  Wortmann's  observations  have  been  confirmed 
by  Molisch,  who  has  further  found  that  the  subaerial  hyphae 
of  Mncor  stolonifcr  and  the  stipes  of  Coprinus,  are  also  ama- 
tively hydrotropic,  whereas  the  rhizoids  of  Marchantia  and 
other  Liverworts  are  positively  hydrotropic* 

Molisch  points  out  with  regard  to  the  hydrotropism  of 
roots,  that,  as  might  be  expected,  they  curve  out  of  the  vertical 
towards  a  moist  surface  the  moi  c  readily  the  less  they  are 
acted  upon  by  gravity.  For  instance,  wc  have  learned  that 
lateral  roots  are  less  geotropicaily  irritable  than  primary  roots, 
and  Molisch  has  observed  that  the  former  curve  hydrotropicaliy 
more  readily  than  the  latter. 

These  are  the  principal  facts  which  are  at  present  known 
concerning  hydrotropism.    VVe  sec,  at  once,  that  we  have  to 
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deal  here  wfdi  phenomena  resembling^  those  of  helfotropfsm 

and  of  j^eotropism.   Here,  too,  wc  have  a  stimulus  cicting  upon 
a  growing  organ  which  responds  by  altering  its  direction  of 
growth,  by  becoming  curved ;  in  this  case  also  heterauxesis  is 
induced,  the  curvature  being  due  to  the  more  active  growth  of 
the  convex  as  compared  with  the  concave  side.  The  resem* 
blance  Is  further  brought  out  by  the  observations  of  Molisch* 
that,  in  the  hydrotropic  curvature,  as  is  usually  the  case  in 
the  heliotropic  and  geotropic  curvatures,  the  region  of  greatest 
curvature,  in  roots  at  least,  coincides  with  the  region  of  most 
active  growth.    Until  the  time  of  the  publication  of  Darwin's 
observations^  it  was  thought  that  the  hydrotropic  irritability* 
like  the  geotropic  irritability,  resided  in  the  curving  ceUs;  but 
Darwin  came  to  the  same  conclusion,  from  his  experiments, 
with  regard  to  hydrotropism  as  with  regard  to  geotropism,  that 
the  irritability  is  localised  in  the  root-tip,  and  that  the  stimulus 
is  transmitted  to  the  actively  growing  region.     He  found, 
namely,  that  when  the  tips  of  the  roots  of  seedlings  (Phaseolus^ 
Vkia  Faia,  Avena,  Triticum),  were  coated  for  a  length  of  i 
or  2  mm.  from  the  apex  with  a  mixture  of  olive-oil  and 
lamp-black  which  formed  a  water-proof  covering,  or  when  the 
tips  were  cauterised  with  nitrate  of  silver,  the  routs  performed 
hydrotropic  curvature  rarely  and  in  a  slight  degree  only. 

Darwin's  experiments  were  made  in  the  following  way.  The  seeds 
were  sown  in  damp  sawdust  contained  in  a  sieve  inclined  at  «m  angle  of 
4P  degrees  with  the  horizon.  After  germination  the  radicles  protruded 
through  the  holes  of  the  sieve,  and  were  exposed  to  the  hydrotropic 
influence  of  the  inclined  surface  of  moist  sawdust:  the  projecting  radicles 
could  easily  be  coated  with  grease  or  cauterised. 

The  following  may  serve  as  an  example  of  his  ntimcrical  results : 

A  Of  29  untoudied  radicles^  14  curved  hydrotiopically  so  as  to  come 

into  contact  with  the  sieve. 
k  Sndideshadtfaeirtipsgieasedforalengthof  3  m.m.,  and  3  radicles 
liar  a  length  of  m.m. 
—for  the  &st  24  hours  they  were  all  either  verticsl  or  neariy  vertical^ 

some  had  curved  towards  the  damp  surface  to  the  extent  of  loP* 
—St  the  end  of  48  hours,  three  of  the  tadides  had  become  consider* 
aUy  curved  towards  the  sieve. 
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^.    lo  radicles  had  their  tips  greased  for  a  length  of  only  i' 

itf  these,  four  carved  to  the  sieve  within  94  honn,  and  ^;iitr  matt 

curved  in  the  succeeding  24  hours. 
d,   I  radicles  cauterised  to  a  length  of  about  i  m.m.  with  nitrate  oi  silver: 
in  24  hours  one  had  curved  into  contact  with  the  sieve,  another 
was  coming  towards  it,  and  the  remaining  thrae  were  wticnL 

He  suggests  that  in  those  cases  in  which  the  ladides  becanae  curred^ 
it  is  possible  that  the  layer  of  grease  was  not  snAdently  Uiick  wltoDy  to 
exclude  moisture,  or  that  a  sufficient  length  was  not  thos  protected,  or, 
in  the  case  of  eausdc^  was  not  destroyed;  and  he  accounts  far  the  tel 
that  in  some  cases  curvature  took  place  after  an  interval  of  one  «r  two 
days  by  pointing  out  that  when  radicles  with  greased  tips  are  left  to 
grow  for  several  days  in  damp  air,  the  grease  becomes  drawn  out  into  the 
finest  reticulated  threads  wiUi  narrow  portioos  of  the  sur&oe  left  ^enn 
which  would  probably  be  able  to  absorb  moisture: 

The  vididity  of  Dtrwin'g  conclusion  as  to  the  localseatioB 

of  the  hydrotropic  sensibility  in  the  root-tips  has  been  ques- 
tioned by  Wicsncr  and  Dctlefsen.  Wicsner  urges,  as  he  did 
also  with  reference  to  geotropism,  that  the  greasing  or 
cauterising  of  the  root-tips  induces  altc^ether  abnormal 
modes  of  growth.  He  points  out  that  though  Darwin  indeed 
mentions  that  the  roots  with  greased  tips  continued  to  grow 
satisfactorily,  yet  they  do  not  grow  nearly  so  actively-  as 
uninjured  roots,  but  he  admits  that  there  is  no  ground  for 
asserting  a  proportionality  between  hydrotropic  curvature 
and  growth  in  length.  Both  he  and  Detkfsen  observed*  in 
experiments  with  decapitated  roots,  that  some  of  them  curved 
hydrotropicaUyi  but  the  great  difficulty  of  obtaining  accurate 
results  in  experiments  of  this  kind,  as  mentioned  abovi^  in 
speaking  of  geotropism  (p.  468),  must  be  borne  in  mind. 

On  the  oilier  hand,  Darwni's  observations  are  conhnned  by 
those  of  Molisch.  The  method  which  Molisch  employed  is 
not  open  to  the  objections  which  may  fairly  be  made  against 
the  methods  of  greasing  and  decapitation,  lor  it  does  not 
inflict  any  injury  upon  the  root  It  consists  in  envdopiiig 
the  whole  root»  except  the  tip  which  is  left  uncovered,  In  wet 
paper,  and  exposing  it  to  the  influence  of  a  moist  surface.  If, 
now,  a  curvaLure  of  the  root  takes  place,  it  can  only  be  due  to 
tiie  action  of  the  moist  surface  upon  the  apex,  for  the  rest  of 
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the  root,  being  surrounded  by  the  wet  paper,  cannot  be  sup- 
posed to  be  at  all  affected  by  a  moist  surface  at  some  litde 
distance  from  tt  Molssch  found,  as  a  matter  of  fact,  that 
roots  thus  ammged,  with  tips  projecting  to  the  extent  of 

1 — I "5  mm.,  cuncd  towards  the  moist  surface  in  six  hours. 
These  facts,  it  must  be  admitted,  go  far  to  prove  that  the 
hydro  tropic  irritability  of  roots  is  localised  in  their  tips. 

With  regard  to  hydrotropism  also,  we  shall  defer  a  full 
discussion  of  the  mechanism  of  the  curvatures  to  a  subsequent 
lecture.  But  it  must  be  urged  in  this  case  also  that  the 
curvature  h  not  due  to  the  stimulation  of  one  side  or  other  of 
the  or-an,  to  the  stimulation,  for  iiicslance,  of  the  concave  side 
by  the  moist  surface,  or,  as  Moh"sch  insists,  to  the  stimulation 
by  the  relative  dryness  of  the  air,  of  the  side  which  becomes 
convex.  The  whole  oigan  is  stimulated^  and  the  curvature  is 
merely  a  mechanical  necessity  for  the  expression  of  the 
rasponse  of  the  indole  oigan  to  the  stimulus. 
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LECTURE  XIX- 
IRRITABILITY  OF  GROWING  ORGANS  {continued). 

Contact, 

In  previous  lectures  we  became  acquainted  with  the  effect 
of  continued  and  considerable  pressure^  upon  growth,  and  we 
have  now  to  study  more  particularly  the  effect  of  slight 

pressure  contimicii  during  a  relatively  short  space  of  time. 

Hie  iiiosl  lamiliar  instances  of  the  effect  of  contact  on  grow- 
ing organs  are  a£i'orded  by  tendrils,  the  well-known  twining 
properties  of  these  organs  being  simply  the  expression  of 
their  sensitiveness  to  contact  A  slight  touch,  in  the  case 
of  very  sensitive  tendrils,  such  as  those  of  Pass^ora  graeUis 
and  of  Sicyas  angulatus,  is  sufficient  to  induce  a  ver>^  per- 
ceptible curvature.  Dai  uin  found  the  tendrils  of  Passiflora 
gracilis  to  be  the  most  irritable.  He  says  with  reference  to  it: 
a  single  delicate  touch  on  the  concave  surface  of  the  tip 
soon  caused  a  tendril  to  curve,  and  in  two  minutes  it  formed 
an  gpen  helix.  A  loop  of  soft  thread  weighing  «^  of  a  grain 
placed  most  gently  on  the  tip  thrice  caused  distinct  curvature. 
A  bent  bit  of  thin  platinum  wire,  weighing  only  -,5^  of  a  grain, 
twice  produced  the  same  effect ;  but  this  latter  weight  when 
left  suspended,  did  not  suflice  to  cause  a  permanent  curvature.** 
In  this  case  also,  the  movement  after  a  touch  is  very  rapid : 
it  is  generally  perceptible,  according  to  Darwin,  in  half  a 
minute  after  a  touch.   It  will  be  readily  understood  that,  in 
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the  case  of  less  highly  irritable  tendrils,  the  stimulus  must  be 
more  powerful  in  order  to  produce  a  perceptible  curvature, 
and  the  time  whidh  elapses  between  the  moment  of  stimulation 
and  the  commencement  of  the  curvature  is  longer. 


Fig.  53  (after  DanHn).  Tendril  of  Vitit. 


If  the  contact  be  not  too  lonj^-continiicd,  the  tendril  will 
straighten  out  the  curvature  which  it  has  made.  Darwin,  in 
endeavouring  to  ascertain  how  often  the  tendril  could  thus 
straighten  itself  after  stimulation,  found  that  it  did  so  no  less 
than  twenty-one  times  in  fifty-four  hours.  After  the  cessation 
of  the  stimulation,  the  curvature  of  the  tendril  continues  to 
increase  for  a  considerable  time,  it  tlicii  ceases,  and  after  a 
few  hours  the  tendril  uncurls  itself  and  is  again  ready  to  act. 

Now  with  regard  to  the  period  during  which  tendrils  are 
irritable^  and  to  the  distribution  of  the  irritability  in  a  tendril, 
Darwin  has  clearly  shewn  that  a  tendril  is  not  irritable  during 
the  whole  of  its  existence  Speaking  generally,  tendrils  do 
not  possess  iiiiUbiiiLy  when  they  arc  cither  very  young  or 
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mature,  but  exliihit  it  most  conspicuously  when  they  are  about 
three-fourths  grown.  An  exception  to  this  general  rule  is 
afforded  by  the  tendrils  oi  EcAinocystis  lohataviXnich  retain  tfactr 
irritability  for  a  short  ttme  after  th^  have  ceased  tx>  orcuoh 
nutate,  that  is  in  fact,  to  grow.  Darwin  has  also  found  that 
the  irritability  of  tendrils  is  localised.  In  the  case  of  most 
tendrils,  the  lower  or  basal  part  is  either  not  at  all  sensitive, 
or  it  is  sensitive  only  to  prolonged  contact  Most  tendrils  have 
their  tips  slightly  but  permanently  curved  or  hooked,  and  their 
irritability  is  localised  in  the  concavity  of  this  curvature:  those 
of  Cobiga  scandens  and  of  Cissus  discolor  are  irritable  on  all 
sides:  the  inferior  and  lateral  surfaces  of  the  tendrils  of 
Mutisia  are  sensitive,  but  not  the  superior  surface. 

In  some  cases  the  effect  of  the  stimulus  is  confined  to  the 
point  of  contact,  whereas  in  others  its  effect  is  manifested  by 
portions  of  the  tendril  at  some  little  distance  from  the  point 
of  contact  As  an  instance  of  the  latter  de  Vries  observation 
may  be  mentioned.  He  found,  namely,  on  stimulating  a 
tendril  of  Cucurbita  and  immoveably  fixing  the  stimulated 
region,  tiiat  the  tendril  curved  sharply  for  a  distance  of  5  mm. 
and  4  mm.  respectively  above  and  below  the  point  of  stimu- 
lation. In  cuses  of  this  kind  there  is  evidently  a  transmissioQ 
of  the  stiniuUis. 

The  consideration  of  this  point  naturally  leads  us  to  briefly 
describe  the  general  mode  of  action  of  tendrils*  As  a  rule^ 
tendrils  are  in  active  dicumnutation  at  the  time  when  their 
irritability  is  at  its  height,  and  the  intemodes  which  bear  them 
are,  in  certain  cases,  circumnutating  as  well.  The  tendrils 
thus  range  over  a  large  area,  and  consequently  there  is  con- 
siderable probability  that  they  will  come  into  contact  with 
some  body  around  which  they  can  twine. 

With  regard  to  the  ciremiuiattttioii  of  tendrils  and  of  the  Interaodtt 
bearing  them,  Darwin  gives  the  foDoiring information:  in  Ctssns,  CotaeS) 
and  most  Passiflon^  the  tendrils  alone  draunnutate :  in  other  cascsi  at 
Laihyms  Apkaca,  oiily  the  intemodes  draunnutate,  canying  with  then 
the  motionless  tendiib :  lasdyi  neither  intemodes  nor  tendrils  drcnm* 
natate»  as  in  Lath yrus  grand^lom  and  Ampelopiia.  In  most  BignoBia% 
Ecremocarpus,  Mutisiay  and  the  Fomariaoeae^  die  tntemodas,  pedelM^ 
and  tendrils,  aU  move  batmonioiisly  together. 
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When»  now,  a  tendril  is  brought  into  contact  with  a  sup- 
pent,  either  by  its  circumnutation  or  by  the  wind,  in  such  a 
way  that  its  irritable  surfoce  is  touched^  it  begins  to  curve 
round  the  support  As  it  does  so»  new  areas  of  the  irritable 
surface  are  stimulated,  and  the  curvature  increases  and  extends 
until  the  wliole  of  the  tendril  lying  between  the  original 
point  of  contact  and  the  apex  is  wound  in  a  spiral  round  the- 
support  In  some  few  cases,  which  are  naturally  also  those 
in  which  there  is  no  transmission  of  the  stimulus^  this  is  all 
that  happens.  In  the  great  majority  of  cases,  however,  this 
coiling  of  ^e  apical  portion  of  the  tendril  round  the  support 
is  followed  by  the  spiral  coiling  of  some  part  of  that  portion 
which  lies  between  the  point  of  contact  and  the  insertion  of 
the  tendril  upon  the  stem,  provided  that  it  is  mechanically 
possible  for  the  spiral  coiling,  which  necessarily  involves  con- 
siderable shortening,  to  take  place.  It  cannot  possibly  take 
place,  for  instance,  when  the  stem  bearing  the  tendril  and  the 
support  around  wluch  its  apical  portion  has  twined  are  both 
immovably  fixed.  The  turns  of  the  spiral  coiling  are  not, 
how  c\  cr,  all  in  the  same  direction  :  they  are  cfrouped  into  two 
or  more  spires,  separated  by  short  straight  portions,  the  turns 
of  any  two  successive  spires  being  in  opposite  directions.  This 
is  a  mechanical  necessity  of  the  spual  coiling  of  a  filament 
attached  at  both  ends. 

As  a  rule,  according  to  Darwin,  the  spiral  coiling  usually 
begins  in  the  attached  tendril  close  to  the  support  and  then 
travels  downwards  towards  the  base.  If,  however,  the  tendril 
is  very  slack,  the  unattached  portion  becomes  at  first  flexuous 
throughout  nearly  its  whole  length,  and  then  it  gradually 
becomes  spirally  coiled 

The  especial  physiological  interest  of  this  sfHral  coiling  of 
the  free  portions  of  tendrils  is  diat  it  offers  a  striking  example 
of  the  transmission  of  a  stimulus:  the  free  portion  is  stimu- 
lated to  coil  spirally  by  the  stimulus  transmitted  from  the 
portion  which  had  coiled  round  the  support.  Its  general 
biological  importance  is  also  great.  By  the  spiral  coiling  of 
the  tendrils  the  stem  bearing  them  is  raised,  and  is  held  firmly 
in  position,  but  not  rigidly,  for  the  spirally  coiled  tendrils  act 
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as  so  many  springs  giving^  the  stem  a  certain  freedom  of  play 
when  it  is  swayed  by  the  wind. 

It  may  be  mentioned  here  that  the  tendrils  of  many  plants, 
if  they  fail  to  become  attached  to  a  support,  likewise  coil  i 
spirally ;  but  this  is  a  very  dififerent  matter  from  the  spiral  ootling 
of  attached  tendrils  of  which  we  have  just  been  speaking.  It 
•fa  a  much  slower  process,  and  it  only  begins  at  the  time  when 
the  tendrils  arc  ceasing  to  grow  and  to  be  irritable  :  moreover,  , 
inasmuch  as  the  spontaneously  coiling  tendril  is  attached  at  ' 
one  end  only,  the  turns -of  the  spiral  are  all  in  the  saxoc 
direction.    In  some  few  cases,  as  in  Bignonia  and  in  three 
geneia  of  Vitaceae  (Darwin),  this  spontaneous  coiling  of  un- 
attached tendrils  does  not  take  place,  but  they  simply  remam 
straight,  wither,  and  fall  off. 

Darwin  gives  the  foQowing  instances  to  iUnstrate  the  relative  time  of 
commencement  of  the  s|>iral  coiling  of  attached  and  of  unattached 
tendrils.  In  Echinocysds,  the  tendrils  usually  begin  to  coil  spirally  in 
12—24  hours  after  being  attached,  whilst  unattached  tendrils  do  not 
begin  to  cofl  until  two  or  thtee  days,  or  even  longer^  after  circunmntation 
has  ceased.  A  ftill-gfown  tendril  of  PasH/ora  guaSrmiguiaris  which 
had  caught  a  stick  b^an  to  coil  in  6  hoursi  and  in  34  hours  finmed 
several  spires :  a  younger  tendril,  only  two-thirds  grown,  showed  the 
first  trace  of  coiling  two  days  after  clasping  a  sticfc,  and  in  two  more  days 
formed  several  spires.  Another  young  tendril,  of  about  the  same  age 
and  length  as  the  last,  did  not  become  attached ;  it  acquired  its  foil 
length  in  four  days  ;  in  six  more  days  it  first  became  flexooiu^  and  in 
two  more  days  formed  one  complete  spire ;  the  first  spire  was  fimned 
towards  the  basal  end,  and  the  coiling  steadily  but  slowly  progressed 
towards  the  apex,  but  the  whole  was  not  closely  wound  up  into  a  spire 
until  21  days  had  elapsed  from  the  first  observation^  that  is^  until  17  days 
after  the  tendril  had  grown  to  its  full  length. 

With  regard  to  the  mechanism  by  which  the  coiling  of 
a  tendril  is  effected,  it  may  be  at  once  stated  that  here  too, 
as  In  all  the  curvatures  which  we  have  hidierto  considered,  ! 
it  Is  due  to  an  elongation  of  the  side  which  becomes  convex ;  \ 

and  in  this  case  also,  the  general  law  holds  good,  that,  if  the 
organ  is  actively  growinq-  at  the  time  of  curvature,  the  concave 
side  also  elongates,  but  not  to  the  same  extent  as  the  convex 
side,  wheieas,  if  the  growth  of  the  otgan  is  slow,  the  con- 
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cave  surface  does  not  elongate  at  all  and  may  even  become 
shorter. 

In  iUustratioii  of  the  rdatton  existing  between  the  rates  of  growth  of 
the  two  sides  of  the  coiling  portion  of  a  tendril,  and  between  these  and 
the  rate  of  growth,  the  following  observations  of  de  Vries  are  cited. 

A  young  tendril  of  CureurHia  12  cm.  long  and  0^5  nun.  thicks 
was  marked  out  into  lengths  of  i  cnL»  and  the  fourth  and  fifth  of  such 
lengths  (counted  irom  the  ^lex)  were  also  marked  out  into  millimetres. 
The  portion  marked  out  into  millimetres  was  then  brought  into  contact 
with  the  support,  an  iron  wire  1*55  mm.  in  diameter.  At  the  end  of  the 
experiment  the  tendril  had  made  i)  turns  round  the  support,  the  rest  of 
it  being  straight 

On  mcasurinj^,  it  was  found  tliat 

the  length  of  the  concave  surface  of  one  complete  turn  of  the 

tendril  =4*87  mm. 

the  length  of  the  convex  surface  of  one  complete  turn  of  the 

tendril  =87<) 

the  length  of  the  curved  portion  hax  ing  been,  when  straight   =4*60  „ 
hence,  for  each  millimetre  of  original  length  there  had  been  a 

growth,  on  the  inside    *  =0  05  „ 

on  the  outside  =0  9  „ 

The  mean  rate  of  growth  of  the  straight  portions  of  the  ten- 
dril, above  m  l  below  the  curved  portion,  was  found  to 
have  been,  pei  millimetre  s=o'i  5  „ 

From  these  results  it  appears  that  the  rate  of  growth  of  the  concave 
side  was  considerabh-  less  than  the  mean,  whereas  that  of  the  convex 
side  was  considerably  greater. 

It  has  been  observed  that  the  twining  of  a  tendril  round  a 
support  is  dependent  uf>on  the  thickiK  ss  of  the  support,  and 
upon  that  of  that  tendril.  Most  tendrils,  inasmuch  as  they  are 
very  thin,  can  twine  round  strings,  but  those  which  are  thicker 
can  only  twine  round  a  support  of  some  thickness.  This  is 
simply  a  mechanical  necessity,  inasmuch  as  there  appears  to 
be  a  limit  to  the  excess  of  elongation  of  the  convex  over  the 
concave  side. 


For  example,  Sachs  noticed  that  a  tendril  of  a  Vme  had  made  one 
torn  round  a  support :  the  thlclmeas  of  the  si^port  was  3*5  vm^  and  the 
mean  thickness  of  the  cofled  poctioo  of  the  tendril  was  3  mm.»  hence  the 
length  of  the  concave  side  was  11  nm.,«nd  that  of  the  convex  side  was 
about  29  mm.,  the  lengths  of  the  two  sides  being  in  the  proportion  of 
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I  :  3'^  Supposing  now,  the  tendril  bad  to  corre  nnnid  a  toppan 
0*5  mm.  Unik ;  the  lengtfi  of  the  concave  side  would  be  1*6  nua,  and 
that  of  the  convex  side  20*4  mnu,  and  the  proportion  would  be  t :  13^ 
It  seems  that  such  a  great  differenoe  in  length  cannot  possibly  be  at> 

It  is  for  the  same  reason  that  rdatively  thick  tendrils  do 

not  apply  themselves  closely  to  the  sides  of  flattened  supports, 
but  only  touch  the  projecting  angles,  whereas  thinner  tendrils 
apply  themselves  to  the  flat  sides,  for  they  are  capable  of 
curv  ing  sharply  round  the  angles.  Vou  Mohl  observed  tendrils 
of  Lal/tyrus  ad&rahts  and  of  Pisum  sativum  twining  dosdjr 
round  strips  of  tin. 

If  the  support  is  so  thick  that  the  tendril  is  not  long  enoog^ 
to  make  one  turn  round  it,  it  is  impossible  for  the  tendril  to 
twine  round  it.  When  the  support  is  rather  thick,  but  not 
so  as  to  prevent  twining,  the  coils  formed  around  it  by  the 
tendril  are  not  even,  but  present  undulations.  De  Vries  attri- 
butes this  to  the  fact  that  the  general  tendency  of  tendrils  to 
make  coils  smaller  than  the  diameter  of  the  support  is  voy 
strongly  marked  in  this  case.  Small  lengths  of  the  tendril  are 
in  consequence  made  to  bulge  away  from  the  support,  and 
subsequently  apply  themselves  to  it  again,  the  displacements 
causing  the  tendril  to  become  wavy. 

According  to  von  Mohrs  observations,  the  position  and 
the  nature  of  the  support  do  not  in  any  way  affect  the  twining 
of  tendrils  around  it  Darwin  has  made  some  veiy  remarkable 
observations  with  regard  to  the  latter  point  He  found, 
namely,  in  the  case  of  Echijiocystis  lobata  and  of  Passiflora 
gracilis ^\X\2X  a  tendril  is  not  stimulated  by  contact  with  another 
tendril.  He  observed  a  singular  fact  in  Echinocystis  lobata. 
In  this  plant  the  tendril  forms  a  very  acute  angle  with  the 
projecting  extremity  of  the  stem  or  shoot  bearing  itt  and  the 
tendril  would,  were  it  to  peribrm  its  drcumnutation  without 
deviation,  probably  come  into  contact  with  the  end  of  the  shoot 
In  order  to  avoid  this,  as  it  were,  it  becomes  stiff  and  straight 
as  it  passes  near  the  shoot.  The  advantages  which  these 
singular  adaptations  secure  for  the  plants  which  possess  them 
are  obvious :  th^  may  be  summed  up  by  saying  that  a  waste 
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of  tendril-power  is  preventcfl.  Darwin  also  observed  that 
the  tendrils  of  the  two  plants  mentioned  above  are  not  irritated 
by  the  impact  of  drops  of  water.  This  is  an  important  bio- 
logical arrangement,  for  it  prevents  the  disadvantage  which 
would  ensue  were  the  tendrils  capable  of  being  stimulated 
to  curvature  by  rain. 

Tendrils  arc  not,  liowcvcr,  the  only  organs  which  arc 
possessed  of  sensitiveness  to  contact.  Other  instances  of 
this  are  aiforded  by  the  petioles  of  most  leaf-climbers.  It  is 
not  necessary  to  go  into  detail  concerning  them,  for  these 
organs  closely  resemble  tendrib  in  their  irritability  and  in 
their  mode  of  response  to  a  stimulus.  Usually,  the  petioles 
are  irritable  only  whilst  youn^,  but  in  different  degrees  in 
different  plants,  and  they  are  sensitive  on  all  sides. 

In  some  cases  shoots  are  sensitive  to  contact.  It  was 
first  observed  by  Dutrochet  that  the  twining  stem  of  Cuscuta, 
the  Dodder,  is  irritable  like  a  tendril.  Von  Mohl  indeed 
suggested  that  all  twining  stems  are  irritable^  but  both  Dar- 
win and  de  Vries  were  unable  to  detect  any  trace  of  such 
irritability.  This  view  of  von  Mohl's  has,  however,  been 
recently  revived  by  Kohl,  who  finds  that  the  twinin|]f  inter- 
nodes  of  climbing  plants  are  sensitive  to  lone:  continued  con- 
tact, and  that  the  side  in  contact  with  the  support  grows  less 
rapidly  than  the  opposite  side.  In  Calystegia  the  irritability 
18  so  great  that  contact  with  a  thin  thread  of  silk,  or  with  a 
piece  of  thin  platinum  wire,  or  a  somewhat  prolonged  friction, 
suffices  to  induce  a  considerable  difference  in  growth  between 
the  side  thus  treated  and  the  side  opposite  to  it.  It  must  be 
mentioned  here  that  Darwin  found  the  yount^  internodes  of 
Lophospermum  scandens^  which  is  not  a  stem-climber,  as  also 
the  peduncles  of  Mimrandia  sen^erfiarms^  to  be  sensitive  to 
touch ;  Kemer  states  that  the  peduncles  of  many  flowers 
(Poppies,  Anemones,  Ranunculuses,  Tulips)  are  also  thus 
irritable ,  and  Sachs  gives  instances  of  the  manifestation  of 
sensitiveness  to  contact  by  roots. 

From  the  observation  of  the  behaviour  of  the  radicles  of 
seedlings  in  their  attempts  to  pass  over  obstacles  which  they 
meet  with  in  the  soil,  Darwin  was  led  to  suspect  that  the  tip 
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of  the  radicle  is  sensitive  to  contact,  and  that  the  stimulus  is 
transmitted  from  this,  the  sensory  organ,  to  the  growing 
zones  behind  it  in  which  the  necessary  curvature  was  then 
effected.  In  order  to  ascertain  whether  or  not  this  was  the 
case,  he  made  a  number  of  experiments  by  attaching  small 
objects  to  one  side  of  the  tip  of  the  radicle,  in  various  plants, 
by  means  of  shellac  or  gum-water,  or  by  touching  one  side 
with  dry  caustic,  or  by  cutting  a  thin  slice  oil  one  side.  He 
vindicates  his  method  of  experimentation  by  pointing  out,  in 
the  first  place,  that  it  is  evident  that  a  small  object  attached 
to  the  free  point  of  a  vertically  suspended  radicle  can  offer 
no  mechanical  resistance  to  its  growth  as  a  whole,  for  the 
object  is  ctiiricd  downwards  as  the  radicle  elongates,  or  up- 
wards as  the  radicle  cur\'es  upwards.  Nor  can  the  growth  of 
the  tip  itself  be  mechanically  checked  by  an  object  attached 
to  it  by  gum-water,  which  remains  all  the  time  perfectly  soft. 
Finally,  when  the  tip  is  lightly  touched  on  one  side  with  dry 
caustic  (nitrate  of  silver)  the  injury  caused  is  very  slight. 
The  general  result  w  hich  L)  irwin  obtained  in  a  very  large 
number  of  experiments  of  this  kind  v^•as  that  the  radicle  was 
sensitive  to  one  or  other  of  these  stimuli,  the  response  being 
that  it  curved  in  such  a  way  that  the  side  to  which  the  small 
object  (a  small  piece  of  card)  was  attached,  or  which  had 
been  touched  with  caustic,  or  from  which  a  small  slice  had 
been  cut  off,  became  convex.  This  result  is  a  remarkable 
one ;  it  appears  that  the  response  of  the  root  to  stimulation 
is  different  from  that  of  all  other  sensitive  plant-organs.  In 
all  the  instances  of  sensitiveness  given  above,  the  induced 
curvature  was  such  that  the  stimulated  side  of  the  organ 
became  the  concave  side.  Sachs,  as  already  mentioned,  found 
that  roots  offer  no  exception  to  this  rule,  whereas,  according  to 
Darwin,  they  do.  The  peculiar  curvature  observed  by  Darwin 
in  roots  may  be  conveniently  spoken  of  as  the  "  Darwinian 
curvature." 

The  following  details  wiU  illustrate  the  general  nature  of  Dan^in's 
experimental  results ; 

Vta'a  Fabaj  lip  of  radicle  sensitive  to  attached  objects,  to  caustic,  to 
lateral  slicing. 
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Pisum  sativum;  tip  of  radicle  sensitive  to  attached  objects,  to  caiistiCy  to 
lateral  slicinrr. 

Phaseolus  muUijiortts  ;  tip  of  radicle  slightly  sensitive  to  attached  objects, 

to  caustic,  to  lateral  slicing. 
Tropaeolum  ;  tip  highly  sensitive  to  attached  objects. 
Goasypium  htrbaccum  ;  tip  certainly  sensitive  to  caustic. 
Cucurbita  ovifi'ra;  tip  moderately  sensitive  to  attached  objects,  highly 

so  to  caustic. 
Raphanus  sativus ;  a  doubtful  case. 

Aesculus  ;  tips  indifferent  lo  attached  objects,  sensitive  to  caustic. 
Quercus  Robur  2iSi{i  Zea  ^lais  :  tip  highly  sensitive  to  attached  objects, 
and  in  the  latter  plant,  to  caubiic. 

The  curvature  of  the  radicle  sometimes  occurred  within 
6 — 8  hours  after  the  tip  had  been  irritated,  and  almost  always 
within  24  hours.  The  curvature  often  amounted  to  a  rect- 
angle,—diat  IS,  the  lower  end  of  the  radicle  bent  upwards 
until  the  tip  projected  almost  horizontal  !>  ;  occasionally  the 
tip,  from  the  coiiUiiucd  irritation  of  the  attached  object,  con- 
tinued to  bend  up  until  it  formed  a  houk  with  the  apex 
pointing  straight  upwards,  or  a  loop,  or  even  a  spire.  After 
a  time  the  radicle  apparently  becomes  accustomed  to  the 
irritation,  as  is  the  case  also  with  tendrils,  for  it  again  grows 
downwards,  although  the  bit  of  card  or  other  object  may 
remain  attached  to  the  tip.  In  some  of  the  experiments  the 
radicles  were  placed  horizontally,  and  the  lower  sides  were 
stimulated  :  under  these  circumstances  the  upward  curvature 
did  not  take  place,  as  it  did  when  the  radicles  were  vertical, 
in  consequence  of  the  stronger  opposing  influence  of  geo- 
tropism. 

The  length  of  the  apex  which  is  sensitive  is  i — 1*5  mm., 

and  the  length  of  the  curving  portion  of  the  radicle,  which 
lies  immediately  behind  the  sensitive  apex,  is  6 — 12  mm. 
The  curvature  which  results  from  stimulation  is  generally 
symmetrical.  The  part  which  bends  most,  is  apparently  the 
part  which  is  growing  the  most  rapidly:  the  tip  and  the  basal 
part  grow  very  slowly  and  they  bend  very  little. 

With  respect  to  the  degree  of  sensitiveness,  Darwin  found 
that  a  very  minute  square  of  writing-paper,  attached  by 
shellac,  sufficed  to  cause  the  radicle  of  Vicia  Faba  to  curve; 
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short  bits  of  moderately  thick  bristle,  fixed  on  with  gum-water, 
acted  in  three  only  out  of  eleven  trials,  and  beads  of  shellac 
weighing  less  than  grain  acted  only  twice  in  nine  cases. 
The  most  interesting  evidence  of  the  delicate  sensitiveness  of 
the  tip  of  the  radicle  was  afforded  by  its  power  of  discrimin- 
ating between  equal-sized  squares  of  card-like  and  of  vay 
thin  paper,  when  these  were  attached  on  opposite  sides  the 
radicles  curved  away  from  the  heavier  object,  as  was  observed 
in  the  Bean  and  the  Oak. 

Darwin's  observations  on  this  peculiar  manifestation  of 
irritability  by  radicles  have  given  rise  to  considerable  dis- 
cussion.   Wiesner  confirms  Darwin's  statement  that  the 
Darwinian  curvature  is  not  induced  by  friction,  and  he 
regards  it  as  a  pathological  phenomenon.    With  regard 
to  the  experiments  with  attached  objects,  he   jioints  out 
that  the  curvature  cannot  be  due  to  a  stimulating  action 
of  the  small  piece  of  card  or  paper,  for,  as  we  have  seen 
already,  a  radicle  will  grow  straight  against  a  considerable 
resistance,  for  instance,  when  it  grows  downward  into  mer- 
cury', and  lie  himself  observed,  in  special  experiments,  that 
radicles  in  their  downward  growth  exerted  a  pressure  of 
about  a  gramme,  and  that  radicles  growing  horizontally 
pushed  weights  of  075 — 1*25  grme.  out  of  their  way  without 
becoming  curved.  Darwin  himself  has  estimated  the  pressure 
of  a  Bean-root  growing  straight  downward  at  a  quarter  of 
a  pound.    Wiesner  concludes  that  the  curvatures  observed 
in  Darwin's  experiments  with  attached  objects  were  clue, 
not  to  the  pieces  of  card,  bristle,  etc.,  but  to  the  irritating 
effect  of  the  shellac   He  found  that  when  small  pieces  of 
wood  or  grains  of  sand  were  made  to  adhere  to  radicles* 
without  the  use  of  any  adhesive  material,  no  curvature  took 
place,  and  also,  that  the  curvatures  were  induced  equally  well 
when  a  drop  of  shellac  was  employed  without  anything  else. 
Microscopical  examination  shewed  that  the  part  of  the  tip 
touched  by  the  shellac  had  died  away.    Wiesner  concludes 
that  the  effect  of  irritating  one  side  of  the  tip  of  a  radicle  in 
any  of  the  ways  mentioned  is  to  cause,  in  the  first  instance, 
a  slight  concavity  of  the  irritated  side,  in  consequence  of  the 
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injury,  which  is  followed  by  a  more  active  growth  of  that  side 
so  that  it  becomes  curved.  The  investigations  of  Detlefsen 
and  of  Buigerstein  have  led  them  to  conclusions  similar  to 
those  of  Wiesner.  They  find  that  the  root  can  grow,  without 
deflection,  against  a  considerable  resistance :  for  instance  they 
observed  that  radicles  of  Vtcia  Fabn  arc  capable  of  perforating 
tin-foil  of  the  thickness  of  002  mm.;  and  they  attribute  the 
Darwinian  curvature  simply  to  the  injury  which  is  inHicted, 
in  making  the  experiment,  on  one  side  of  the  root-tip. 
Detlefsen  points  out  that  the  adhesive  materials  used  by 
Darwin,  including  gum-water,  injure  the  root  in  greater  or 
less  dcL'rcc  and  induce  curvature,  and  that  the  application 
of  a  very  thin  film  of  glass  to  the  root,  without  any  adhesive 
material,  caused  at  first  the  Darwinian  curvature  and  sub- 
sequently the  disorganisation  of  the  tissue  in  the  area  covered 
by  it*  He  finds»  too,  that  a  Darwinian  curvature  can  be  in- 
duced in  other  organs — ^he  instances  the  younger  leaves  of 
the  Onion — by  injury  of  one  side  of  the  growing  region.  He 
shews,  further,  that  the  curvature  depends  upon  injury  of  the 
root-cap,  and  not  upon  irritation  of  the  actual  growing-point 
of  the  radicle :  injuries  inflicted  upon  the  radicle  as  far  as 
5  mm.  from  the  apex,  to  which  length  the  root-cap  extended, 
caused  distinct  curvature. 

Taking  all  these  observations  Into  consideration,  and 
especially  the  fact  that  the  Darwinian  curvature  differs  from 
all  other  curvatures  induced  by  contact  or  pressure  in  that 
it  is  the  irritated  side  of  the  organ  which  becomes  convex, 
it  seems  probable  that  Wiesner  is  right  in  regaiding  it  as. 
a  pathological  phenomenon  due  to  injury,  or  at  least  to  a 
disturbance  of  the  normal  conditions  of  growth. 

The  curvatures  which  are  the  result  of  contact  are,  like 
those  produced  by  light,  gravity,  etc.,  to  be  regarded  as  phe- 
nomena of  induced  heterauxcsis.  A  discussion  of  the  mech- 
anism by  which  they  are  effected  will  also  be  deferred  to 
a  subsequent  lecture. 
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Combined  EJfuts, 

We  pass  now  to  consider  the  combined  effect  of  the  various 
directive  influences  which,  as  we  have  seen,  determine  the 
direction  of  growth  of  plant-organs,  and  which  we  have  so  far 
studied  individually. 

The  ultimate  position  assumed  by  a  plant-ofgan  in  the 
course  of  its  development  and  growth  is  a  resultant  one:  it  is 
the  resultant  of  the  action  of  the  inherent  directive  influences, 
and  of  the  external  directive  influences  to  which  the  organ  is 
sensitive. 

With  regard  to  the  inherent  directive  influences,  we  have 
found  them  (pp.  421,  41S)  to  be  two:  the  relation  of  the 
organs  to  each  other,  and  their  own  rectipetality.  The 
former  determines  what  the  relative  directions  of  growth  of 

the  organs  of  a  plant  are  and  these  directions  they  maintain 
in  the  absence  of  any  disturbing  external  stimulus.  An 
evident  manifestation  of  this  can,  in  fact,  only  be  obtained 
when  the  plant  is  grown  under  such  conditions  that  its 
organs  are  exposed  as  little  as  possible  to  the  action  of 
external  directive  influences,  as,  for  instance,  when  it  is 
grown  in  darkness  and  is  rotating  horizontally  011  the  cli- 
nostat.  Let  us  consider  the  case  of  a  plant  growing  under 
these  conditions.  Assuming  that  the  soil  in  which  the  root 
is  imbedded  is  uniformly  moist,  the  only  external  directive 
influence  acting  upon  the  primaiy  ^hoot  and  tke  priniaiy 
root  will  be  that  of  the  substratum;  but,  inasmuch  as  tfiis 
is  clearly  not  acting  so  as  to  caubc  somatotropic  curvature, 
its  effect  may  be  neirlccted.  The  primary  shoot  will  con- 
tinue to  grow  in  a  straight  line  horizontally  outwards,  and 
the  primaiy  root  to  grow  in  a  straight  line  horizontally  in- 
wards, in  virtue  of  the  opposition  of  the  directions  of  growth 
of  these  organs  (p.  419).  The  lateral  shoots  will  arise  from 
the  primary  shoot  and  the  lateral  roots  hum  liic  priii^ary 
root  at  their  own  proper  angles,  and  will  continue  to  grow 
in  a  straight  line  in  tlic  directions  tiius  impressed  upon  them. 


Digitized  by  Google 


IRRITABILITY. 


497 


It  is  clear  that  plant  organs  growing  in  obedience  to  these 
internal  directive  influences  will  offer  a  certain  resistance 
to  the  action  of  a  directive  influence  acting  from  without  It 
is  perhaps  to  this  that  the  occurrence  of  the  latent  period 
(PP-  435>  4^)  IS  to  be  attributed. 

With  regard  to  the  combined  action  of  the  external  direc- 
tive influences,  it  was  pointed  out  in  a  previous  lecture  (p.  424) 
that  the  direction  of  growth  of  a  plant-organ  depends  upon  its 
peculiar  irritability,  and  upon  a  certain  balance  between  the 
responses  given  by  it  to  the  various  directive  influences 
which  act  upon  it  We  will  now  discuss  this  subject  in 
detail. 

It  has  been  sufficiently  shewn  in  previous  lectures  that 
plant-organs  are  sensitive  to  a  variety  of  external  directive 
influences,  and  it  has  been  pointed  out  (p.  374)  that  each 
organ  possesses  a  specific  irritability  to  the  action  of  each 
such  influence.  In  endeavouring  to  account  for  the  position 
assumed  by  diflerent  plant-organs  under  their  several  con- 
ditions of  growth,  we  must  bear  in  mind  tliat  they  may 
differ  from  each  other  both  in  the  kind  and  in  the  degree  of 
their  speciflc  irritabilities;  and  further,  inasmuch  as  we  have 
seen  that  the  response  to  the  action  of  any  0ven  external 
influence  varies  with  the  strei^fth  of  that  influence,  we  must 
in  all  cases  enquire  into  the  strength  of  the  directive  influences 

at  work. 

We  will  begin  with  orthotropism.  We  have  found,  namely, 
that  certain  organs,  which  are  radially  or  isobiiaterally  organ- 
ised, grow  vertically  either  upwards  or  downwards  under  what 
may  be  regarded  as  the  normal  conditions  of  their  growth; 
that,  for  instance,  primary  shoots  and  isobtlateral  leaves  grow 
verlically  upwards  when  they  arc  full)'  exposed  to  light,  and 
that  primary  roots  grow  vertically  downwards  in  a  uniformly 
moist  soil. 

Taking  first  the  case  of  the  shoots  and  leaves,  we  find  that 
their  orthotropism  is  the  result  of  their  negative  geotropism  and 
of  their  positive  heliotropism.   The  action  of  the  directive 

influence  of  gravity  upon  these  organs  is  clearly  demonstrated 
by  the  iact  that  they  grow  vertically  upwards  in  darkness;  and, 
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inasmuch  as  under  the  given  conditions  the  inddcnt  mys  of 

light  may  be  regarded  as  falling  vertically  downwards,  fSkt 

directive  influence  of  light  upon  these  organs  is  likewise  such 
as  to  cause  them  to  maintain  a  vertically  upward  directioa  of 
growth. 

But  it  occasionally  happens  that  these  ofgans  grow  under 
conditions  other  than  these^  as,  for  instance^  when  they  grow  in 
hedges.  One  side  of  the  oi^an  is  then  more  exposed  to  light 

than  the  other,  in  other  words,  the  light  falls  not  vertically  but  i 
obliquely  upon  thcin.  Under  these  circumstances  gravity  and  | 
light  act  somewhat  antagonistically;  the  organs  tend  to  grow 
vertically  in  virtue  of  their  n^[ative  geotropism,  and  to  grow 
obliquely  in  virtue  of  their  positive  heliotiopism ;  their  direc> 
tion  of  growth  will  depend  upon  the  relative  strength  of  tlie 
gcotropic  and  hcliotropic  eflfects  produced.  In  the  majority  of 

cases,  as  mentioned  in  a  previous  lecture  (p.  43O;,  the  heliotropic 
effect  is  the  greater,  so  the  organs  grow  obliquely  towards  die 
light;  but  in  some  cases  (p.  431)  the  geotropic  e^ect  is  the 
greater,  so  they  grow  erect 

The  relative  strength  of  the  geotropic  and  heliotropic 
effects  produced  in  these  organs  depends  upon  their  relative  ; 
geotropic  and  heliotropic  irritability,  and  upon  the  intensity  of  | 
the  incident  light.  This  has  been  investigated  in  some  cases.  ^ 
Miiiier-Thurgau  observed,  for  instance,  that  when  a  shoot  of 
Helianthus  was  placed  horizontally  and  light  was  directed 
upon  it  from  below,  it  curved  upwards,  whereas  a  shoot  of 
Fritiikria  remained  strait  under  similar  oooditioiiSL  The 
intensity  of  the  light  being  the  same  in  the  two  cases,  it  is 
clear  that  cither  the  geotropic  irritability  of  Helianthus  is 
greater  than  that  of  Fritillaria,  or  that  the  heliotropic  irritability 
of  Fritillaria  is  greater  than  that  of  Helianthus.  It  appears 
that,  as  a  rule,  the  heliotropic  irritability  of  the  primary  shoots 
of  seedlings  is  greater  than  their  geotropic  irritability,  for, 
when  they  are  placed  horizontally  and  are  illuminated  from 
below,  they  curve  downwards,  as  von  Mohl  and  MUlkr- 
Thurgau  have  found,  Wiesner  has  carefully  investigated  this 
subject  with  special  reference  to  the  intensity  of  the  light 
When  the  primary  :»hgot  of  a  Bean-seedling  growing  vertically 
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upwards  was  exposed  to  light  of  optimum  intensity  (p.  432)^ 
falling  perpendicularly  upon  one  side  of  it,  it  curved  towards 
the  light  so  that  its  direction  of  growth  was  at  an  angle  of  45* 
with  the  vertical.    Taking  the  direction  of  ^wth  as  the 

resultant  of  the  action  of  gravity  and  of  light,  it  appears  that 
in  this  case  the  i^eotropic  is  equal  to  the  heliotropic  irritability. 
In  the  case  of  the  primary  shoot  of  the  Vetch-seedling,  the 
organ  curved,  whatever  its  original  position  and  whatever  the 
intensity  of  light,  so  that  its  long  axis  became  parallel  with 
the  direction  of  the  incident  rays  of  light  The  heliotropic 
irritability  of  this  organ  is  much  greater  than  its  geotropic 
irritability,  so  much  greater  in  fact  that  the  latter  leads  to  no 
perceptible  response  when  the  directive  influence  of  light  is  in 
operation.  This  is  even  more  strikingly  shewn  in  Wiesner^s 
comparative  observations  on  the  occurrence  of  the  first  indica- 
tion of  heliotropic  curvature  in  Vetch-shoots,  some  of  which 
were  growing  erect  whilst  others  were  rotating  horizontally  on 
the  clinostat.  Miiller-Thurgau  had  observed  in  the  case  of 
other  shoots  that  the  hrst  indication  of  heliotropic  curvature 
could  be  perceived  somewhat  earlier  when  they  were  rotating 
horizontally  on  the  clinostat  than  when  they  were  growing 
erect.  In  the  Vetch-shoots  Wiesner  failed  to  detect  any  such 
diflference. 

The  relation  between  geotropic  and  heliotropic  irritability, 
and  the  influence  of  the  intensity  of  light,  is  very  clearly  brought 
out  by  Wiesner's  observations  on  the  shoots  of  Cress-seedlings. 
Some  of  these  rotating  horizontally  on  the  clinostat  and  others 
growing  erect  were  placed  at  a  distance  of  2'$  metres  from  the 
source  of  light  (Wiesner^s  normal  gas-flame),  a  distance  at 
which  the  intensity  of  the  light  was  the  optimum.  In  35 
minutes  all  the  shoots  had  begun  to  curve  heliotropically,  and 
in  45  minutes  more  they  had  all  curved  so  that  their  long  axes 
were  parallel  to  the  directions  of  the  incident  rays.  When 
removed  half  a  metre  nearer  the  gas-flame,  or  half  a  metre 
further  away  from  it,  the  same  curvature  took  place  in  all 
cases,  but  more  slov\  l)',  and  ihc  sho(;ts  on  the  cliiiustat  curved 
about  an  hour  earlier  than  those  which  were  growing  erect. 
At  greater  distances  from  the  optimum -position  the  shoots 
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growing  erect  no  longer  curved  so  as  to  become  horizontal, 
whereas  those  on  the  clinostat  became  horizontal  in  eight 
hours. 

In  the  following  table  are  given  Wiesner's  detennisations  of  the 
angles  which  the  secants  of  the  curvatures  of  the  cress-shoots  which 
were  not  rotating  made  with  the  vertical  at  different  distances  fmm  the 
source  of  Ught 

Distmaoe  fron  the  flame.  Angle  with  the  TciticaL 


The  foregoing  results  clearly  shew  that  the  relation  between 

the  geotropic  and  the  hcliotropic  irritability  is  by  no  means  Ihe 

same  in  the  shoots  ol  all  plants,  and  this  affords  an  explana- 
tion of  the  different  directions  of  growth  assumed  by  the 
shoots  of  different  plants  growing  under  the  same  con- 
ditions. 

Turning  now  to  primaiy  roots,  when  they  are  growing  is 
soil>  the  external  directive  influences  which  may  act  up>on  them 

are  those  of  l;i  avit\'  and  of  an  unequally  distributed  nioislure 
(p.  477).  They  grow  vertically  downwards,  in  consequence  of 
their  positive  geotropism,  when  the  soil  around  them  is  uni- 
formly moist,  but,  inasmuch  as  their  hydrotropic  irritability  is 
greater  than  their  geotropic,  they  will,  when  the  soil  is  not 
uniformly  moist,  curve  out  of  the  vertical  and  grow  towards 

the  damper  area. 

The  relation  between  the  geotropic  and  heliotropic  irritabi- 
lity is  of  interest  only  as  a  matter  of  experiment  in  the  case  of 
earth-roots,  but  it  is  a  matter  of  biological  importance  in  the 
case  of  aerial  roots.  It  has  been  already  pointed  out(p.  436)  that 
the  heliotropic  irritability  of  the  former  is  slight,  so  slight  in  most 
cases  that  it  can  only  be  detected,  if  at  all,  by  eliminating  the 
action  of  gravity  by  means  of  the  clinostat.  The  heliotropic 
irritability  of  aerial  roots  is,  on  the  contrary,  frequently  well- 
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marked,  but  I  am  not  aware  that  any  comparison  of  their 
heliotropic  with  their  geotropic  irritability  has  as  yet  been 
instituted. 

We  pass  now  to  pla<4ir)tr(  j|)ic  organs.  The  oblique  direction 
of  growth  is,  as  we  have  seen  in  previous  lectures,  assumed  by 
both  radial  and  dorsiventral  organs,  including  shoots,  roots, 
and  leaves. 

The  simplest  cases  of  plagiotropism  are  those  offered  by 
radial  organs,  such,  for  instance,  as  certain  rhizomes,  and 
lateral  roots.  Elfving  observed,  namely  (p.  462),  that  certain 
rhizomes  [Heleocharis palustris^  Sparganium  ramosuin,  Scirpus 
marilimus),  grow  horizontally  beneath  the  surface  of  the  soil. 
The  only  external  directive  influence,  apparently,  which  de^ 
termines  their  direction  of  growth  is  that  of  gravity,  and  their 
irritability  to  its  action  is  of  the  kind  with  which  we  have 
become  acquainted  as  Diageotropism.  The  same  behaviour 
has  more  recently  been  observed  by  Stahl  in  the  rhizomes  of 
Adoxa  moschateUina^  Circaa  luUtiana^  and  THenta/is  europaa. 

Though  light  takes  no  part,  under  ordinary  conditions,  in 
determining  the  direction  of  growth  of  these  rhizomes  >  ct 
their  behaviour  when  exposed  to  light  is  of  interest.  Stahl 
has  observed  that  when  a  rhizome  of  Adoxa  is  exposed  to 
light,  it  curves  so  that  its  direction  of  growth  becomes  either 
obliquely  or  vertically  descending.  He  explains  this  change 
in  the  direction  of  growth  by  assuming  that  exposure  to 
light  alters  the  nature  of  the  geotropic  irritability  of  the 
rhizome,  so  that  from  being  diageotropic  it  becomes  positively 
geotropic.  The  downward  curvature  is  clearly  not  due  to 
negative  heliotropism,  for  Stahl  has  conclusively  proved  that 
the  rhizomes  do  not  respond  to  the  directive  influence  of  light. 
This  is  a  point  which  merits  further  investigation,  for  it  is 
difficult  to  conceive  that  exposure  to  light  should  thus  modify 
the  geotropic  irritability.  In  view  of  what  we  know  as  to 
the  influence  of  liq-ht  upon  the  physiological  properties  of 
the  shoots  of  Tiupit:uluin  and  of  the  Ivy  (p.  42c;',  it  would 
seem  not  impossible  that  exposure  to  light  induces  dorsi- 
ventrality  in  the  rhizomes,  and  leads  to  photo-epinasty.  If 
this  be  so,  then  the  downward  direction  of  growth  of  the 
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liuzomes  when  exposed  to  light  is  the  resultant  of  dlageo- 
tropism  and  of  photo-epinastjr,  the  latter  being  much  the 
more  powerful  factor.  But  this  suggestion  is  scarcely  to  be 
reconciled  with  the  fact  that  very  faint  lic^ht,  as  I  have  ob- 
served, suffices  to  cause  the  duw  nwarcl  curvature. 

The  plagiotropism  of  lateral  rcjots  is  not,  like  that  of  these 
rhizomes,  due  to  Diag^eotropism,  but  depends  simply  on  their 
slight  geotropic  irritability  (p.  463)«  They  are  positiveiy 
geotropic,  but  their  response  to  the  action  of  giavity  is  only 
sufficient  to  cause  their  direction  of  growth,  in  uniformly 
moist  soil,  to  deviate  but  little  from  the  horizontal.  As  in 
the  case  of  primary  roots,  their  h\-drotropic  irritability  is 
much  greater  than  their  geotropic,  so  that  their  direction  of 
growth  may  be  considerably  affected  by  hydrotropism.  They 
curve  from  relatively  dry  into  relatively  moist  soil,  or  from 
dry  soil  into  a  saturated  atmosphere ;  the  curvature  may  be 
even  such  that  their  direction  of  growth  is  verticalfy  upwardSL 

The  plagiotropism  of  dorsivciilral  organs,  such  as  shoots 
and  leaves,  is  a  more  complicated  phenomenon.  It  is  the 
resultant  expression  of  the  effect  of  light  and  of  gravity  upon 
them,  promoted,  in  many  cases,  by  their  own  weight  In  some 
cases  light,  and  in  others  gravity,  is  the  determining  factor, 
as  is  clearly  shewn  by  the  fact  that  some  of  these  organs 
assume  a  vertical  direction  of  growth  in  darkness  (p.  441  and 
469),  whereas  others  remain  plagiotropic.  The  nature  of 
the  effect  produced  by  light,  appears,  so  far  as  we  know  it,  to 
be  in  all  cases  the  same :  it  induces  epinasty  and  diaheliotro- 
pism  (p.  450),  that  is,  it  affects  not  only  the  direction  of 
growth  but  also  the  direction  of  the  opposed  surfaces  of  the 
orgaa  As  regards  the  effect  of  gravity,  we  see  that  it  Is  not 
uniform  like  that  of  light,  for  some  of  these  oi^ns  grow  erect 
when  gravity  is  the  sole  external  directive  influence  acting 
upon  them,  whereas  others  continue  to  grow  horizontally. 
Plagiotropism  is  induced  by  gravity  only  in  the  latter  case,  in 
organs,  namely,  which  possess  that  peculiar  Irritability  to  its 
action  which  we  know  as  Diageotropism  (p.  470),  in  virtue  of 
which  these  organs  tend  to  direct  their  morphologically 
superior  surface  upwards  at  right  angles  to  the  vertical,  a 
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position  which  entails  a  horizontal  direction  of  the  axis  of 
growth.  The  degree  of  the  plagiotropism  induced  by  light 
depends,  in  the  first  instance,  upon  the  relative  irritability  of 
the  organ  to  light  and  to  gravity,  and  further  upon  the  angle 

of  incidence  and  the  intensity  of  the  rays. 

In  endeavouring  to  illustrate  the  foregoing  considerations 
by  reference  to  examples,  we  will  begin  with  the  case  in 
which  the  organs  grow  fully  exposed  to  light,  so  that  the  rays 
may  be  regarded  as  falling  vertically  downwards  upon  them. 

In  the  case  of  diageotropic  dorsiventral  organs,  as  ex- 
amples of  which  we  may  mention  the  runners  of  Fragaria 
lucida,  by  the  lateral  branches  of  Conifers  and  other  trees 
(p.  470),  and  by  some  leaves,  the  angle  of  deviation  from  the 
vertical,  under  the  assumed  conditions  of  illumination,  is  either 
a  right  angle  or  is  greater  than  a  right  angle,  so  that  the 
direction  of  growth  is  either  horizontal  or  obliquely  de- 
scending. The  horizontal  direction  of  lm  c  as  th  is  to  be  at- 
tributed to  an  equality  between  dia^eotropism  and  dia- 
heliotropism  on  the  one  hand,  and  photo-epinasty  on  the 
other:  the  obliquely  descending  direction,  to  the  pre- 
ponderance of  photo-epinasty  over  diageotropism  and  dia- 
heltotropism.  A  striking  instance  of  the  latter  is  afforded 
by  F.  Darwin's  observation,  that  a  chcrry-leaf,  exposed  to 
light  falling  vertically  downwards  upon  it,  curved  downwards 
epinastically. 

The  angle  of  deviation  of  negatively  geotropic  dorsi- 
ventral oigans  is,  in  some  instances,  lateral  branches  for  ex- 
ample, less  than  a  right  angle,  so  that  the  direction  of  growth 

is  obliquely  ascciiding;  in  others,  as  the  shoots  of  Polygonum 
aviiulare  (p.  450I,  the  angle  of  deviation  is  a  right  angle, 
SO  that  the  direction  of  growth  is  horizontal;  in  others, 
again,  as  the  shoots  of  Lysimachia  Nunmularia  (p.  450), 
the  angle  of  deviation  Is  greater  than  a  right  angle,  so  tiiat 
the  direction  of  growth  is  obliquely  descending.  In  the 
first  case,  the  direction  of  growth  is  the  resultant  effect  of  the 
antagonistic  operation  of  negative  geotropism  on  the  one 
hand,  and  of  photo-epinasty  and  diaheliotropism  on  the 
other;  in  the  second  case,  diaheliotropism  co-operates  with 
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either  negative  geotropism  or  with  photo-epinasty,  with 
whichever  of  the  two  opposinc;-  forces  is  the  weaker,  to  pro- 
duce equilibrium ;  in  the  third  case,  photo-epinasty  is  more 
powerful  than  ii^;ative  geotropism  and  diaheliotropisin  com- 
bined. 

The  relative  sensitiveness  of  an  ofgan  to  Ught  and  to 
gravity  is  indicated  by  any  change  of  the  direction  of  growth 

which  may  take  place  when  an  organ,  previously  growing 
in  darkness,  is  exposed  to  light.    We  have  seen  that  in  these 
dorsi ventral  organs  the  relation  of  the  dark-position  and  the 
light-position  is  not  the  same  in  all  cases,  and  we  may  there- 
fore conclude  that  the  relative  sensitiveness  to  gravity  and 
to  light  Is  not  the  same  in  all  cases.   But  the  angle  between 
the  two  directions  of  growth  cannot  alwa3rs  be  taken  as  an 
accurate  measure  of  the  relative  sensitiveness.    For  instance, 
a  diageotropic  dorsivcntral  organ  which,  when  exposed  to 
light  falling  vertically  downwards  upon  its  morphologically 
superior  surface,  grows  obliquely  downwards,  is  clearly  more 
sensitive  to  light  than  to  gravity.   But  the  degree  of  its  de^ 
viation  from  the  horizontal  cannot  be  taken  as  a  measure  of 
this  relative  sensitiveness,  for  the  effect  of  light  upon  it  is 
probably  twofold,  photo-cpinastic  and  diaheliotropic,  and  the 
tendency  of  the  former  to  produce  downward  curvature,  that 
is,  to  increase  the  obliquity  of  the  direction  of  growth,  is 
opposed  by  that  of  the  latter  to  maintain  the  superior  surface 
horizontal.   Similarly,  in  the  case  of  a  negatively  geotropic 
dorsi  ventral  organ,  the  angle  of  deviation  from  the  vertical  is 
only  a  measure  of  the  relative  sensitiveness  to  gravity  and  to 
light  when  the  epinastic  and  diaheliotropic  effects  of  light 
co-operate.    This  is  only  the  case,  in  vertical  light,  when  the 
angle  of  deviation  is  less  than  a  right  angle ;  when,  under 
these  circumstances,  the  direction  of  growth  is  obliquely  de- 
scending, the  angle  of  deviation  below  the  horizontal  is  a 
measure  only  of  the  epinastic  effect  of  light  as  opposed  to 
negative  geotropism  and  to  diahchott  opism. 

With  regard  now,  to  the  relation  between  the  pi  agio  tropic 
effect  of  light  and  the  angle  of  incidence  of  the  rays,  it  is 
clear  that  only  that  portion  of  the  plagiotropic  effect  which 
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is  due  to  diaheliotropism  is  to  be  considered,  for  we  know 
that  photo-epinasty  is  not  affected  by  the  direction  of  the 
Incident  light  The  most  marked  plagiotropic  efTect  will  be 
produced  when  photo-epinasty  and  diaheliotropism  co-operate, 
and  when  the  deviation  of  the  organ  takes  place  downwards 
in  a  vertical  plane.  This  will  be  produced  when  the  median 
plane  of  the  organ,  that  is  the  longitudinal  plane  passing 
through  its  dorsal  and  ventral  surfaces,  is  vertical,  and  when 
the  incident  ray$  lie  also  in  a  vertical  plane.  The  most 
effective  angle  of  incidence  of  the  rays  in  this  plane  is  that  in 
which  they  fall  upon  the  apex  of  the  organ,  at  angles  be- 
tween the  vertical  and  the  horizontal,  the  plagiotropic  effect 
increasing  as  the  direction  of  the  incident  rays  approaches 
the  horizontal.  For  instance,  when  a  dorsiventral  organ  is 
placed  with  its  apex  pointing  vertically  upwards,  and  light 
falls  vertically  upon  it,  it  will  tend  plagiotropically  towards 
the  horizontal,  and  if  its  photo-epinasty  is  suf?icient  to  over- 
come the  diaheliotropic  and  gcotropic  effects,  its  direction  of 
growth  may  be  obliquely  descending.  Again,  when  a  dorsi- 
ventral organ  is  placed  horizontally,  with  its  morphologically 
superior  surface  uppermost,  and  light  falls  horizontally  on  its 
apex,  it  will  tend  downwards  in  consequence  of  photo^pinasty 
and  diaheliotropism,  provided  that  they  can  overcome  the 
geotropic  effect,  until  the  long  axis  of  the  organ  is  directed 
vertically  downwards,  until,  that  is,  the  highest  possible  de- 
gree of  plagiotropism  is  attained.  An  illustration  of  this  is 
afforded  by  F.  Darwin's  observations  on  the  leaves  of  Ra^ 
nuneuUts  Ficaria,  to  which  allusion  was  made  in  a  previous 
lecture  (p.  448). 

When,  liowcver,  the  rays  of  light  do  not  fall  upon  the 
Of^an  in  a  vertical  plane,  parallel  to  its  owrv  median  plane, 
but  in  planes  more  or  less  inclined  to  this,  the  pl^otropic 
effect  i^^ually  diminishes  as  the  plane  of  incidence  is  more 
and  more  removed  from  the  vertical  towards  the  horizontal, 
until,  when  the  plane  of  incidence  is  horizontal,  that  is,  when 
the  rays  of  light  kill  upon  the  flanks  of  the  organ,  no  pla- 
giotropic effect  is  produced.  Under  these  circumstances  the 
organ  simply  twists  round  its  long  axis  in  consequence  of 
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diaheiiotropism,  though  it  may  at  the  same  time  curve 
laterally  away  from  the  light  in  consequence  of  photo-€pi- 
nasty.   Its  plagiotropism,  that  is,  the  angle  of  deviatkm  of  . 
its  long  axis  from  the  vertical,  is  clearly  not  affected. 

The  manifestation  of  sensitiveness  to  light  by  these 
organs,  is,  as  wc  Ikivc  seen,  aiiccted  by  the  intensity  of  the 
lic^ht.    The  lipfht  falling  upon  the  organs  must  be  of  a  certain 
intensity  in  order  that  any  perceptible  plagiotropic  effect  may 
be  induced.    For  instance,  we  know  that  when  negatively 
geotropic  dorsiventral  oigans  grow  in  faint  light,  the  efiect  of 
gravi^  asserts  itself  by  an  upward  curvature  (p.  441).  But 
it  does  not  follow  that  the  most  intense  light  produces  the 
greatest  effect  j  on  the  contrary,  diflcrciU  uigaiis  seem  to  be 
most  sensible  to  light  of  different  degrees  of  intensity.  For 
instance,  the  fixed  light-position  of  most  leaves,  when  fully 
exposed  to  light,  is  such  that  their  surfaces  are  honxontai,  the 
morphologically  superior  surface  being  directed  upwards;  the 
significance  of  this  is,  that  it  is  in  this  position  that  the  su- 
perior surface  of  the  leaf  is  perpendicular  to  the  direction  of 
incidence  of  light  oi  the  appropriate  intensity,  which  appears  | 
to  be,  according  to  Wiesner  (p.  447),  the  brightest  diffuse  I 
daylight.    In  some  cases,  as  we  have  seen  (p.  445),  leaves 
assume,  either  by  curvature  or  by  torsion  round  their  long 
axes,  a  vertical  position  under  the  same  conditions  of  illu- 
mination ;  this  position  is  doubtless  also  determined  by  tht 
direction  of  incidence  of  the  light  of  that  degree  of  intensity 
to  which  the  leaves  are  nio6t  sen.^itive.    A  striking  instance 
of  this  is  afforded  by  the  Compass-plants,  alluded  to  in  a  : 
previous  lecture  (p.  446),  in  which,  when  fully  exposed  to  < 
iigfit,  the  surfaces  of  the  leaves  are  vertical,  this  position 
being  determined  by  the  oblique  or  horizontal  rays  of  the 
morning  and  evening  suit  These  plants  with  vertical  leavas^ 
in  fact,  exhibit  diaheliotropic  irritability  in  a  very  high  de- 
gree, so  much  so,  indeed,  that  their  response  to  the  directive  j 
influence  of  light  may  entirely  obliterate  that  to  the  action  | 
of  gravity.    The  leaves  are,  as  a  osatter  of  fact,  negatively 
geotropic;  but,  when  the  plants  grow  exposed  to  light,  it 
seems  to  be  a  matter  of  little  importance  what  the  direction 
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of  the  long  axis  is^  whether  it  be  horizontal  or  vertical,  so 
lofig  as  the  vertical  position  c(  the  surfaces  is  secured. 

We  have  novr  fully  discussed  the  various  influences  which 

determine  the  position  and  the  direction  of  growth  of  shoots, 
roots,  and  leaves,  in  general,  and  it  now  only  remains  to 
consider  some  special  cases. 

In  speaking  of  the  direction  of  growth  of  plant-organs, 
"we  have  tadtly  assumed,  so  far,  that  the  rigidity  of  the  ofgan 
is  snffidently  great  to  prevent  any  very  considerable  modifi- 
cation of  the  direction  of  its  growth  in  consequence  merely  of 
its  own  weight.  But  it  not  infrequently  happens  that  the  stems 
of  plants  are  not  sufficiently  rigid  to  support  their  own  weight 
and  that  of  their  foliage.  When  this  is  the  case  the  stem 
may  simply  trail  along  the  ground,  or  it  may  in  some  way 
attach  itself  to  external  objects  and  thus  grow  upwards 
into  the  air.  The  mode  of  attachment,  m  the  latter  case,  is 
different  in  different  plants.  Some,  such  as  the  Brambles,  are 
simply  hooked  on  by  the  prickles  with  which  their  stems  are 
provided  (hook-climbers);  others  attach  themselves  by  means 
of  tendrils  (tendril-climbers),  or  by  leaf-stalks  which  act  like 
tendrils  (leaf-climbers);  others  again,  like  the  Ivy,  attach 
themselves  by  roots  (root-climbers);  others,  finally,  have 
twining  stems.  It  is  to  these  last  that  we  will  specially  direct 
our  attention  with  the  view  of  ascertaining  the  various  factors 
which  determine  tliis  peculiar  uioUe  of  growth. 

A  twming  shoot,  at  its  first  development  is  straight,  but, 
after  it  has  come  to  consist  of  two  or  three  intemodes,  its 
apex  hangs  over  on  one  side^  and  it  then  exhibits  in  a  marked 
manner  that  circumnutation  which  we  have  discussed  in  a 
previous  lecture  (p.  363).  This  hanging-over  of  the  apex  is 
due  to  the  fact  that  the  shoot  is  now  no  longer  able  to  main- 
tain itself  in  a  vertical  position.  The  twining  slioot  at  this 
stage  exhibits,  in  fact,  that  excessive  elongation  of  its  inter- 
nodes  which  is  so  often  to  be  found  in  etiolated  plants,  and  it 
is  for  this  reason  that  Sachs  has  termed  these  twining  shoots 
*  normally  etiolated  shoots"  (p.  385).  If,  now,  the  ihoot 
comes  into  contact  with  or  more  or  less  neariy  vertical 
support  uf  appropriate  thickness,  it  twines  rouiid  it. 
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What,  now,  arc  the  causes  of  this  twining  ?  It  is  clear, 
since  von  Mohl  and  Palm  found  that  shoots  will  not  twine 
round  a  horizontal  support^  an  observation  oonfinned  hj 
Schwendener's,  that  when  a  shoot  and  its  support  are  rotated 

on  a  clinostat  no  twining  takes  place,  that  the  negative  geo- 
tropism  of  the  shoots  is  an  important  factor  in  producing 
twining.  But  the  negative  geotropism  of  these  shoots  can- 
not, however,  be  the  sole  cause  of  their  twining,  for  then  any 
excessively  elongated  etiolated  shoot  might  twine;  The  dr- 
cumnutation  of  the  shoot,  for  instance,  may  contribute  to  die 
twiiiinc:,  anil  it  is  possible  to  conceive,  as  von  Mohl  did,  tha.; 
the  shoot  is  sensitive  to  contact. 

With  rcggrd  to  the  possible  connexion  between  circumnu- 
tation  and  twining,  it  must  be  pointed  out  that  in  all  cases 
the  direction  of  twining  is  the  same  as  that  of  drcumnutatton. 
In  consequence  of  this^  circumnutation  has  come  to  be 
regarded  as  the  primary  cause  of  twining,  but  its  mode  of 
action  has  been  difiercntly  regarded  by  various  observers. 
Palm  first  suggested  a  view  with  regard  to  its  mode  of 
action  which  Darwin  subsequently  stated  with  great  pre- 
cision. He  says,  "When  a  revolving  shoot  meets  with  a 
support,  its  motion  is  necessarily  arrested  at  the  point  of 
contact,  but  the  free  projecting  part  goes  on  revolving. 
As  this  continues,  higher  and  higher  points  are  brought  into 
contact  with  the  support  and  are  arrested ;  and  so  onwards  to 
the  extremity;  and  thus  the  shoot  winds  round  its  support." 
And  again :  If  a  man  swings  a  rope  round  his  head,  and  the 
end  of  it  hits  a  stick,  it  will  coil  round  the  stick  according  to 
the  direction  of  the  swinging  movement;  so  it  is  with  a 
twining  plant,  a  line  of  growth  traveUing  round  the  free  part 
of  the  shoot  causing  it  to  bend  towards  the  opposite  side, 
and  this  replaces  the  momentum  of  the  free  end  of  the  rope." 
This  very  simple  explanation  is,  however,  insufficient  In  the 
first  place,  in  the  circumnutation  of  the  end  of  a  shoot  no 
momentum  is  acquired  which  might  be  compared  to  the 
centrifugal  force  in  the  swinging  lope  ;  secondly,  the  axis  of 
circumnutation  docs  not  iv  ressarily  coincide  with  the  axis  of 
twining,  as  is  the  case  in  the  swinging  rope;  thirdly,  the 
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number  of  cjrcles  of  circumnatation  performed  In  a  given 
time  is  not  the  same,  as  in  the  case  of  the  rope,  as  the  number 
of  turns  round  the  support,  but  the  former  is  much  larger 
than  the  latter.  Darwin  himself  noticed  this  last  difhcuity, 
and  he  accounts  for  it  by  assuming  that  it  is  due  to  the 
retarding  effect  of  contact  with  the  support  on  the  drcum* 
nutation  of  the  part  of  the  shoot  touching  it 

According  to  Dutrochet,  the  twining  of  climbing  stems  is 
due  to  an  '  internal  and  vital  force  the  action  of  which  is 
revolving  round  the  central  axis  of  the  stem*  This  finds  its 
expression  in  that  that  portion  of  the  stem  which  forms  the 
outer  side  of  the  spiral  described  grows  more  actively  than 
that  which  fonns  the  inner  side,  the  difference  of  growth 
never  being  compensated;  the  result  is  necessarily  the  forma- 
tion of  a  spiral.  He  points  out  that  this  difference  is  not  due 
to  the  contact  of  the  inner  side  of  the  spiral  with  the  support, 
for  he  had  observed  that  spirals  were  in  many  cases  formed 
by  twining  stems  which  were  not  in  contact  with  a  support. 
There  is^  in  fact,  in  these  stems,  a  natural  tenden^  to  grow 
spirally.  NeverthelesSi  he  admits  that  the  support  has  some 
influence  in  inducing  twining,  for  in  most  cases  no  spiral  is 
formed  unless  the  slcm  is  in  cuntacl  with  a  sup[:>()rt.  ]^.ut 
even  admitting  the  universality  of  Dutrochet's  a5SUined 
natural  tendency,  his  view  is  no  explanation  but  a  mere 
statement  of  fact. 

De  Vries  r^;ards  the  prevention  of  drcumnutation  as  the 
cause  of  the  spiral  growth  of  twining  stems.  Thus,  for 
instance,  when  any  point  of  the  overhanging  free  end  of  a 
stem  is  held  fast,  kt  us  s'dy  the  highest  puiiit  of  the  curvature, 
the  normal  circumnutation  is  arrested.  The  free  end  now 
endeavours  to  nutate  round  an  axis  which  is  a  straight  line 
produced  through  the  axis  of  the  stem  at  the  fixed  point 
It  raises  itself  until  its  plane  of  curvature  is  above  the  hori- 
zontal. The  described  curve  may,  at  this  moment,  be 
regarded  as  a  portion  of  a  spiral,  the  axis  of  which  is  vertical, 
which  iia.^  the  same  direction  as  the  circumnutation,  and  the 
apex  continues  to  travel  upward  in  this  spiral.  When,  as  is 
usually  the  case  in  nature,  the  apex  itself  is  the  fixed  point, 
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or  in  other  words.  Is  the  part  which  comes  into  contact  with 

tlie  support,  the  turns  of  the  spiral  which  it  describes  will 
encircle  the  support  provided  it  be  of  appropriate  ihickness. 
The  spiral  growth  is  promoted  by  torsion  due  to  internal 
causes  (p.  353),  and  may  be  either  promoted  or  hindered  by 
torsion  due  to  external  causes  of  which  the  weight  of  the 
terminal  bud,  of  the  leaves,  and  friction  against  the  aopport 
are  the  most  important  I 

In  his  paper  on  the  subject,  which  affords  much  valuable 
information  to  the  mechanism  of  the  process,  Schwendener 
attributes  twining  to  circuninutatioa  and  to  an  antidromous 
torsion,  that  is,  a  torsion  in  an  opposite  direction  to  that  of  | 
drcumnutation,  which  causes  the  nutating  stem  to  present 
constantly  its  concavity  to  the  support 

Again,  Baranetzki  attributes  twining  to  what  he  terms  I 
tlic  abymmetrical  circumnutation  of  the  apex  of  the  steiTi.  j 
that  is,  to  cirLUiimiitation  round  an  axis  which  is  inclined  to 
the  vertical.    His  mode  of  regarding  the  process  would  seem 
to  approach  that  of  de  Vriea    His  views  concerning  the 
influence  of  geotropism  are  worthy  of  note.-  He  iinds^  Iflce 
Schwendener,  that  a  stem  will  not  twine  whilst  it  is  betag 
rotated  on  a  cHnostat ;  he  considers  that  this  Is  due  to  an 
aircit  of  its  cucuiiinutation,  lor  lie  linds  tliat  under  these  cir-  | 
cumstances  the  nutation  is  of  the  kind  which  is  termed  ; 
undulating  (p.  36^).  It  is  on  this  ground  that  he  concludes,  as 
mentioned  in  a  previous  lecture  (p.  361),  that  drcumnutatioa 
is  not  spontaneous,  but  is  induced  by  gravity. 

It  will  be  seen  that  in  nearly  all  these  suggested  explana- 
tions twining  is  referred  to  negative  geotropism,  to  circum- 
nutation, and  to  torsion,  in  various  combinations.  But  we 
have  seen  that  stems  which  do  not  twine  exhibit  negatiw 
geotropism,  circumnutate,  and  may  undergo  torsion.  The 
question  of  the  ultimate  difference  between  stems  which  do 
and  those  which  do  not  twine,  still  seems  to  remain  unaa-  I 
swered.  If  twining  simply  depends  upon  these  factors,  iriiy 
cannot  we  induce  any  flexible  stem,  for  instance  excessively 
elongated  etiolated  stems,  to  twine  ? 

Of  ail  these  variOMs  attempts  at  explanations  of  twini^ 
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Dutrochet's  is  the  only  one  which  suggests  that  twining 
stems  possess  properties  which  are  peculiar  to  themselves, 
and  are  not  possessed  by  stems  which  do  not  twine.  He 
attributes  to  them,  namely,  an  inherent  tendency  to  grow 
spirally.  But,  even  admitting  this,  this  assumption  does  not 
explain  the  twining  of  these  stems  round  supports.  For  it  is 
clear  that  every  stem  which  exhibits  torsion  must  have  been 
growing  spirally ;  that  is,  its  apex  has  been  circumnutating 
and  at  the  same  time  a  twisting  round  its  own  axis  has  been 
taking  place,  conditions  which  necessitate  a  spiral  direction  of 
growth.  We  must,  to  be  consistent,  admit  that  every  stem 
which  exhibits  torsion  has  an  inherent  tendency  to  grow 
spirally.  And  yet  it  is  not  true  that  all  stems  which  undergo 
torsion  are  capable  of  twining.  It  is  the  contusion  of  a  spiral 
direction  of  growth  with  twining  rmind  a  support  which 
makes  all  these  explanations  unsatisfactory.  All  stems  which 
twine  grow  spirally,  but  the  converse  is  not  true,  that  all 
stems  which  grow  spirally  twine.  It  is  true  that,  as  de  Vries 
pointed  out,  anything  which  interferes  with  the  circumnu- 
tation  of  a  twining  stem  induces  spiral  growth,  but  this  is  not 
true  only  of  the  stems  of  twinixig  plants,  it  is  true  of  ail  cir- 
cumnutating  stems  whatsoever. 

Von  Mohl  recognised  this  difficulty,  and  met  it  by 
assuming  that  twining  stems  must  be  endowed  with  irri- 
tability. This  view  was  contradicted  by  all  subsequent  ^ 
observers,  until,  quite  recently,  Kohl  reasserted  it,  as  already 
mentioned  above,  and  he  has  proved  it  in  various  ways. 
His  most  striking  observation  is  perhaps  this,  that  a  stem 
of  Calyst^ia  will  twine  round  a  perfectly  loose  string.  It 
is  dear  that  the  string  cannot  mechanically  interfere  with 
the  circumnutation  so  as  to  cause  the  stem  to  grow  spirally 
round  it ;  and  yet  the  stem  waa  concave  at  all  the  points  of 
contact.  It  is  impossible  to  explain  this  otherwise  than  Kohl 
has  done,  that  is,  by  assuming  that  the  stem  is  irritable,  like 
a  tendril,  though  perhaps  in  a  less  degree,  and  that,  as  in  the 
case  of  a  tendril,  the  concavity  at  each  point  of  contact  is  the 
result  of  the  contact  upon  the  irritable  organ.  When  we 
remember  that  the  stem  of  one  twining  plant,  Cuscuta 
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(p.  491),  is  on  all  hands  admitted  to  be  Irritable,  it  is  not 

surprising  tiiat  imtabiiity  siiuuid  be  found  to  exist  in  others 
also. 

But  it  may  be  objected  that,  as  has  been  frequently  ob- 
served»  the  steins  of  twining  plants  form  spirals  vrhen  they  are 
not  in  contact  with  a  support  If,  howeyer,  we  clearly  dis- 
tinguish between  spiral  growth  and  twining»  this  objection 
will  be  at  once  perceived  not  to  be  a  real  one.  It  is  not  at 
all  surprising  that  a  flexible  shoot  should,  in  consequence  of 
its  negative  geotrupism,  of  its  own  weight,  of  its  spontLincou^ 
torsion,  and  of  its  circumnutation,  assume  a  spiral  growth 
in  its  endeavours  to  grow  upwards.  Schwendener  has  rightly 
pointed  out  that  spual  growth  under  these  conditions  has 
nothing  whatever  to  do  with  twining.  He  mentions  odier 
cases  of  other  organs  which  exhibit  spiral  growth,  such  as 
tendrils  which  have  not  grasped  a  support,  and  the  stalks 
of  the  female  flowers  of  Vallisneria.  Sachs  also  mentions 
cases  of  this  kind,  such  as  primary  roots  of  P'icia  Faba  and 
shoots  of  EnUromorpka  mesmUricOf  which  be  had  found  to 
have  grown  spirally.  Moreover,  as  was  pointed  out  above^ 
all  organs  which  eichibit  torsion  must  have  grown  sphally, 
though  in  this  case  the  axis  of  the  spiral  is  tlic  longitudinal 
axis  of  the  organ.  The  fact  that  twining  blcrns  may  lunii 
spirals  independently  of  a  support,  does  not  ahect  the  view 
^  that  the  twining  round  a  support  Is  due  to  irritability  to 
contact. 

Another  objection  to  the  assumption  of  irritability  to 
contact  in  climbing  stems  might  be  based  upon  Schwendener's 

and  Baranctski's  observations  (see  p.  510),  that  a  stem  will 
not  twine  when  it  is  rotated  horizontally,  together  with  its 
support,  on  a  clinostat,  and  that,  under  these  circumstances, 
one  or  more  of  the  last-formed  turns  round  the  support  will 
become  unwound.  But  this  objection  is  by  no  means  fatal, 
and  the  fact  is  capable  of  a  simple  explanation.  When  the 
stem  Is  rotating  on  the  clinostat,  each  side  of  it  in  turn 
tends,  in  virtue  of  its  negative  gcotropism,  to  grow  so  as 
to  produce  an  upward  curvature,  the  resultant  effect  being 
to  cause  the  stem  to  grow  straight  horizontally.  Under 
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these  circumstances  there  is  a  conflict  between  the  geotropic 
effect  and  the  tendency  to  twine  induced  by  contact  witli  the 
support.  Of  these  the  former  is  clearly  the  more  powerful,  so 
much  so  thatintemodes  which  have  already  twined,  but  which 
are  still  growing,  unroll  themselves  and  straighten  themselves 
out  The  fact  that  stems  will  not  twine  round  supports 
which  are  inclined  at  a  considerable  angle  to  the  vertical 
is  to  be  explained  in  the  same  way  ;  it  is  the  result  of  the 
preponderance  of  the  geotropic  effect  over  the  effect  of  con- 
tact With  tendrils  this  is  not  so;  their  irritability  to  contact 
is  so  great  that  they  twine  round  supports  in  any  position. 

The  view  that  the  twining  of  stems  depends  upon  their 
irritability  receives  indirect  support  from  some  observations 
of  Darwin's,  which  shew  that  the  nature  of  the  support  is 
of  .^oiiic  iiiipurtance  in  tlctcrminin^c^  twinincj.  He  found,  for 
instance,  that  when  a  plant  of  Hibbertia  dentata  was  sur- 
rounded by  branched  twigs,  its  shoots  did  not  twine  around 
them,  but  immediately  did  so  when  the  plant  was  surrounded 
with  thin  upright  sticks.  Again,  he  observed  that  the  stem 
of  Soianum  Dulcamara  will  only  twine  round  thin  and 

flexible  sui)ports.  It  is  clear  lliat  if  the  twining  of  stems 
depended  on  purely  mechanical  conditions,  the  nature  of  the 
support,  provided  it  fulfil  the  necessary  requirements  as  to 
thickness,  ought  not  to  influence  the  twining.  These  obser> 
vations  of  Darwin's  are  only  intelligible  on  the  assumption 
that  twining  stems  are  sensitive. 

The  conclusion  to  be  drawn  as  to  the  process  of  twining 
appears,  then,  to  be  this.  \\y  its  circuninuULliua  a  twining 
stem  is  brought  into  contact  with  a  support  ;  the  effect  of 
contact  is  to  cause  a  concavity  of  the  stem  at  the  point  of 
contact ;  this  concavity  causes  fresh  portions  of  the  stem  to 
touch  the  support,  and  thus,  supposing  that  its  position  and 
its  thickness  are  appropriate^  the  stem  twines  round  it  It 
is  not  improbable  that  the  spirals  formed  by  the  free  ends  of 
twining  stems  which  have  outgrown  their  supports  is  due  to 
some  extent)  as  in  the  case  of  tendrils,  to  a  conduction  of 
the  stimulus  from  the  parts  below  which  are  in  contact  with 
the  support 
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It  has  been  incidentally  mentioned  that  twining  can  only 
take  place  when  the  support  is  of  appropriate  thickness. 
In  illustration  we  may  cite  Darwin's  general  observation, 
that  the  English  twiners^  excepting  the  Honeysuckle  {Lanicera 
PmefymeHum)^  never  twine  round  trees,  whereas  tropical 
twiners  can  ascend  thidc  trees.  In  one  particular  case,  that 
of  Phaseolus,  he  found  that  the  stem  could  twine  round  a 
support  four  inches  in  didiuctcr  but  failed  with  a  support 
nine  inches  in  diameter.  There  appears  to  be  no  limit  of 
thinness,  for,  as  we  have  seen,  stems  will  twine  round 
thin  strings  or  wires,  but  when  the  support,  assumed  to  be 
vertical,  is  very  thin,,  the  spiral  b  long  drawn  out,  so  that 
the  stem  is  nearly  straight,  clearly  because,  under  these 
circumstances,  negative  geotropism  can  most  fully  assert 
itself.  The  thicker  the  support,  the  more  do  the  turns  of 
the  stem  round  the  support  approach  the  horizontal.  When 
the  support  is  of  such  a  thickness  that  the  stem,  in  order  to 
embrace  it,  would  have  to  twine  horizontally,  twining  no 
longer  takes  place,  for  it  is  prevented  by  negative  geotropism. 
But  the  limit  of  thickness  is  not  the  same  in  all  cases ;  one 
stem  can  twine,  whereas  another  cannot,  round  a  support  of 
a  given  thickness.  This  appears,  according  to  Schwendcner, 
to  depend  on  the  length  of  the  still  growing  portion  of  the 
stem ;  the  longer  it  is,  the  less  need  it  approach  the  hori- 
zontal in  growing  round  the  support,  but  this* view  is  ren- 
dered improbable  by  Darwin's  observation  that  the  long 
circumnutating  shoots  of  Ccropcgia  Gardncrii  failed  to  twine 
round  a  support  six  inches  in  diameter. 

Allusion  has  been  incidentally  made  to  the  tor.sion  ex* 
hibited  by  twining  stems,  and  as  this  torsion  has  been  re- 
garded by  some  as  an  important  factor  in  the  process  of 
twining,  we  may  now  devote  a  short  time  to  a  consideration 
of  it.  Von  Mohl,  for  instance,  considered  that  the  circufti- 
nutation  of  twining  stems,  and  therefore  indirectly  their 
twining  also,  was  due  to  torsion. 

We  must  hrst  clearly  understand  what  torsion  means  \ 
it  means  a  twisting  of  the  organ  about  its  own  axis.  This 
is  always  exhibited  sooner  or  later  by  twining  stems,  but  it 
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is  not  essential  to  twining.  When  a  youn^^  intcrnodc  twines 
round  a  smooth  support  of  appropriate  thickness,  it  may 
do  so  just  in  the  same  way  as  it  performs  its  circumnutation, 
that  is,  that  any  one  side  may  always  face  the  same  point 
of  the  compass  (see  Fig.  41,  p.  364),  Under  these  circum- 
stances a  line  drawn  longitudinally  down  any  one  side 
remains  all  the  time  parallel  to  the  axis  of  the  stem.  But, 
sooner  or  later,  the  internode  begins  to  twist  on  its  own  axis, 
so  that  a  longitudinal  line  on  any  one  side  no  longer  remains 
parallel  to  the  axisy  but  describes  a  spiral  about  it  There 
are  two  sets  of  influences  at  work  to  produce  torsion,  the 
internal  and  the  external  The  internal  cause,  which  is  by 
no  means  peculiar  to  twining  intcrnodcs,  is  that  more  pro- 
longed growth  of  the  peripheral  as  compared  with  the  central 
tissues  to  which  we  have  alluded  in  a  previous  lecture  (p.  353), 
and  it  tends  to  cause  a  twisting  of  the  internode  round  its 
own  axis  in  the  same  direction  as  that  of  twining,  to  pro- 
duce, that  is,  homodrctnous  torsion.  The  external  causes  are 
various  ;  the  negative  geotropism  of  the  internode,  the  weight 
of  the  terminal  bud  or  of  the  leaves,  the  alteration  in  position 
of  the  leaves,  as  Dutrochet  and  VViesncr  point  out,  in  the 
taking  u[)  by  them  of  the  most  favourable  fixed  light-position, 
and  lastly,  the  friction  of  the  stem  against  the  support  With 
regard  to  the  nature  of  the  torsion  produced  by  these 
external  causes,  it  depends  upon  circumstances,  in  most  cases, 
whether  it  is  honiodrumuus  or  antidromotts  ih.il  i.^,  wilii 
or  atj^ainst  the  direction  of  twining.  The  efiecL  of  the  last- 
named  cause,  the  friction  against  the  support,  is  constant ; 
in  all  cases  it  produces  antidromous  torsion.  Von  Mohl 
first  observed,  namely,  that  when  a  stem  twines  round  a 
smooth  cylindrical  support  the  torsion  is  not  well  marked, 
whereas  when  the  support  is  rough  it  is  considerable,  an 
observation  which  has  been  confirmed  by  all  subsequent 
researches.  The  torsion  which  a  twining  stem  exhibits  is 
the  algebraical  sum  of  the  action  of  these  various  causes  ;  it 
will  depend  upon  the  conditions  under  which  it  has  been 
growing  whether  its  torsion  is  homodromous  or  antidromous. 
In  some  cases,  as  lAxm  has  observed,  successive  intemodes 
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may  exhibit  different  torsion,  some  being  homodromously 
and  others  antidromously  twisted.  Torsion  is  then  clearly 
not  the  cause,  nor  is  it  a  necessary  accompaniment,  of 
twining,  but  it  arises  in  twining  stems  from  causes  most  d 
vddch  also  produce  it  in  stems  which  do  not  twine,  the  only 
cause  peculiar  to  twining  plants  being  the  friction  against 
the  support. 

We  have  now  to  consider  the  direction  of  twining.  It 
was  pointed  out  in  a  previous  lecture  (p.  363),  that  whereas 
some  stems  circumnutate  in  the  direction  of  the  sun,  others 
drcumnutate  in  the  opposite  direction;  and  since,  as  we 
have  seen,  the  direction  of  twining  of  a  stem  is  the  same 
as  that  of  its  circumnutation,  there  are  two  modes  of  twining 
as  there  are  of  circumnutation.    The  direction  of  twining 
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IS  not,  however,  always  constant  throughout  a  Natural  Order, 
nor  throughout  a  cfcnus,  nor  even  in  individuals  of  the  same 
species  as  Darwin  found  in  Loasa  aurantiaca.  The  direction 
of  twining  may  even  be  reversed  in  successive  internodes 
of  the  same  stem :  this  occurs^  according  to  Darwin,  occasion- 
ally in  Loasa  aurantiaca^  and  habitually  in  Stypkanthus 
elegans. 

Finally,  in  order  to  complete  the  subject,  we  liave  to 
enquire  into  the  influence  of  light  upon  climbing  stems. 
In  the  first  place,  with  regard  to  the  tonic  influence  of  light, 
Sachs  has  ascertained  that  Pkaseolus  mulHflorus  and  Ifomcea 
purpurea  can  twine  in  continuous  darkness,  whereas  Dioscorea 
Batatas  (Dtichartre,  de  Vries)  and  MandeviUea  suaveolens 
(Duchartic)  cannot  twine  under  these  circumstances.  With 
regard  to  the  directive  influence  of  light,  von  Mohl  con- 
cluded that  twining  stems  arc  positively  heliotropic,  but 
less  markedly  so  than  other  stems.   Wiesner  detected  slight 
positive  heliotropism  in  the  stems  of  species  of  Convolvulus, 
Ipomcea,  and  Calysic-  a,  but  not  in  Pkaseolus  muUiflorus 
nor  in  Cu-cut.L      Darw  in  ubsci  vcd  the  same   in  Iponia^a 
jHciifida   and  in  Lojiiceni  brachypiuia  :   the  circumnutating 
apex  of  the  former  described  the  semicircle  towards  the 
light  in  one  hour,  and  the  semicircle  away  from  the  light 
in  four  hours  and  a  half ;  the  apex  of  the  latter  described 
the  corresponding  semicircles  in  2  hrs.  37  min.  and  5  hrs. 
23  niin.  respectively.    Baranetzky's  observations  agree  in  the 
main  with  the  forej^ming,  but  he  found  that  the  internodes 
were  positively  heliotroj)ic  only  when  young ;  when  older 
they  became  negatively  heliotropic. 
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iRRtTABlUTY  {amtintsed). 

IL    T/i£  irritability  of  Mature  Organs. 

Hitherto  we  have  confined  our  attention  to  the  manifes- 
tation of  Trritability  by  growing  organs,  but  now  we  turn  to 
the  study  of  the  phenomena  of  irritability  presented  by  oiigans 
which  are  not  growing. 

The  various  movements  which  we  have  to  consider  under 
this  head  will  be  taken  in  the  followinc^  order:  first,  movements 
^vhich  involve  the  locomotion  of  entire  orijanisni> ;  secondly, 
the  streaming  movement  of  protoplasm,  and  the  contraction 
of  contractile  vacuoles;  and  finally  the  movements  of  cellular 
oigans. 

The  simplest  case  of  locomotion  is  afforded  by  the  amceboid 

movement  exhibited,  amon^r  plants,  by  the  zoospores  of  some 
Algae  and  of  the  Myxomycetes,  and  by  the  plasmodia  of  the 
Myxomycetes,  which  are  naked  masses  of  protoplasm.  Here 
there  are  no  specialised  motile  organs,  but  any  part  of  the 
protoplasm  may  be  protruded  as  a  psaukpodium  into  which 
the  remainder  of  the  protoplasm  gradually  flows,  and  thus 
locomotion  is  effected.  In  other  cases  a  portion  of  the  proto- 
plasm  is  differentiated  as  a  motile  organ  in  the  form  of  one  or 
more  delicate  filaments  known  as  cilia  (see  p.  i),  by  the 
lashing  movement  of  which  the  organism  revolves  on  its  own 
axis  and  at  the  same  time  travels  forward.  Ciliary  movement 
is  exhibited  by  the  majority  of  zoospores,  by  antherosoids 
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(excepting  those  of  the  Florides  and  of  certain  Fungi,  whfdi 

are  better  termed  spermatid)^  and  in  some  cases  by  j:)lants, 
such  as  Vulvox,  Pandorina,  etc.,  and  some  Bacteria  during  a 
longer  or  shorter  period  of  their  life.  As  a  rule  the  ciliated 
zoospores  possess  no  cell-wall,  but  in  some  cases  it  is  present 
(p.  i) :  permanently  motile  plants,  such  as  Volvox>  etc,  possess 
cell-walls. 

Locomotion  is  also  exhibited  by  Diatoms,  Desmids  and 

Oscillatorias,  but  the  mode  in  which  it  is  etTected  is  not  lu.ly 
understood.  Accordinf_^  to  some  ob^civers  (M.  Schultze, 
Engelmann)  the  movement  of  Diatoms  and  Oscillatorias  is 
effected  by  means  of  the  layer  of  mucilaginous  substance 
which  invests  the  oiganism  and  which  they  believe  to  be  of  a 
protoplasmic  nature;  Schultze  even  went  so  far  as  to  suggest 
that  filaments  of  protoplasm  are  protruded  through  the 
Diatom-frustule,  along  the  median  line  {y-aphe)  which  act  as 
pseudopodia  or  temporary  cilia.  Accordin*^  to  others  (  Xageli, 
Dippeli  Borscow,  Mereschkowsky,  Hansgirg)  the  movement  is 
the  result  of  osmotic  processes  taking  place  between  the  cells 
and  the  surrounding  water.  The  nature  of  the  movement 
throws  no  light  upon  the  subject ;  the  Oscillatorias  revolve  on 
their  own  axes  whilst  moving  forward,  and  this  has  been  found 
to  be  true  of  Diatoms  in  certain  cases  at  least.  It  is  .id;nitted 
on  all  hands  that  these  organisms  can  creep  over  solid  bodies, 
but  it  has  been  denied  by  Cohn  and  others,  that  they  can 
swim:  Nageli,  Pfitzer,  and  others  have,  however,  observed  it. 
The  power  of  creeping  rather  suggests  the  existence  of  some- 
thing like  pseudopodia,  whereas  the  swimming  seems  to 
support  the  osmotic  theory.  It  must  be  stated,  however,  that 
nothin*,^  like  pseudopodia  has  ever  been  detccteil,  cind  that  the 
protoplasmic  nature  of  the  mucilaginous  investing  layer  has 
not  been  established. 

With  regard  to  Desmids,  a  remarkable  form  of  locomotion 
has  been  described  by  Stahl  in  Clasterium  maniUfortfu:  the 
elongated  cell  attaches  itself  at  one  end,  tlien  swings  itself 
over  and  attaches  itself  by  the  other:  each  time  this  is  repeated 
the  organism  moves  the  length  of  its  bfxly.  It  is  probable, 
from  Stahl's  observations,  that  Desmids  can  swim. 
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We  come  now  to  the  consideration  of  the  streaming  move- 
ment of  protoplasm,  which  is  commonly  closii^nated  by  the 
terms  Circulation  and  Rotation,  This  streaming  movement  of 
the  protoplasm  is  made  apparent  by  the  granules  of  foreign 
substances  which  are  carried  along  in  the  current.  These 
terms  have  been  more  especially  applied  to  the  streaming  of 
the  protoplasm  of  cells  enclosed  by  celKwalls.  The  difference 
between  them  is  only  superficial,  and  depends  upon  the  distri- 
bution of  the  protoplasm  within  the  cell.  When  (as  in  Fig.  3, 
pu  I3j  the  protoplasm  is  not  confined  to  the  peripheral  layer 
(primordial  utricle),  and  there  is  a  more  or  less  nearly  central 
mass,  investing  the  nucleus,  connected  by  delicate  strands, 
vaiying  from  time  to  time  in  position  and  number,  with  the 
primordial  utricle,  the  streaming  movement  can  be  detected 
not  merely  in  the  peripheral  layer,  but  in  the  strands  in  various 
directions  (indicated  by  the  arrows),  and  is  termed  Circulation. 
When,  as  in  the  internodai  cells  of  Ciiara,  the  protoplasm 
constitutes  only  a  primordial  utricle,  the  streaming  movement 
follows  the  contour  of  the  cell,  down  one  side,  across  the  end, 
up  the  other  side,  etc  This  is  what  is  termed  Rotation.  It 
IS  not,  however,  the  whole  primordial  utricle  which  moves, 
but  an  internal  layer  only,  consisting  of  relatively  fluid  proto- 
plasm ;  the  external  layer,  in  which  the  chlorophyll-corpuscles 
are  imbedded,  remains  stationary.  This  moving  layer  consti- 
tutes a  hollow  cylinder,  each  half  of  which  is  moving  in  the 
opposite  direction  to  the  other,  as  is  well  seen  when  the  longi- 
tudinal line  of  contact  of  the  two  halves  is  brought  into  view; 
the  direction  of  the  current  on  one  side  of  this  line  is  exactly 
opposite  to  that  on  the  otlier.  In  some  cases  (Ciiar<i,  Nitella) 
this  longitudinal  line,  which  is  termed  the  indifferent  line^  is 
clearly  marked  out  by  the  absence  of  chlorophyll -corpuscles, 
in  the  external  resting  layer,  along  its  course.  With  r^rd 
to  the  occurrence  of  the  streaming  movement  of  the  proto- 
plasm in  plant-cells,  it  may  be  pointed  out  that  it  b  not 
confined  to  a  few  exceptional  cases,  but  that  it  probably 
exists,  at  least  for  a  time,  in  all  plant-cells.  This  is  true 
particularly  of  the  Circulation,  which  has  been  most  frequently 
observed  in  young  cells  especially  in  connexion  with  the 
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formative  processes.  From  the  n.ilutc  ul  ihc  case,  Rotation 
can  onK-  be  observed  in  fiill-p^rown  cells.  Nor  is  the  streaniiiii:^ 
movement  confined  to  protoplasm  enclosed  in  a  cell-waii; 
it  is  strikingly  exhibited  by  the  plasmodia  of  the  Myxooiy* 
cetes. 

The  last  kind  of  movement  to  be  considered  under  this 
head  is  that  of  pulsating  vacuoles.   These  are  small  more  or 

less  nearly  spherical  c<ivities  which  nial^e  their  appearance  in 
the  protoplasm,  and  then  suddenly  disappear.  In  the  course 
of  their  relatively  slow  expansion  (diastole)  they  become 
filled  with  cell -sap,  which  is  forced  out  on  the  sudden  contrac- 
tion (s3^stole). 

Nothing  Is  certainly  known  as  to  the  ph)r8iological  sigoifi* 

cance  of  the  pulsating  vacuoles.  It  seems  obvious  to  suggest, 
as  Cohn  has  done,  since  in  Gonimn  and  Chlamydomonas  the 
contractile  vacuole  apparently  communicates  with  the  per- 
manent vacuole,  that  they  assist  in  the  distribution  of  nutri- 
ment or  of  oxygen.  The  fact  that  pulsating  vacuoles  have 
been  exclusively  found  in  mottle  organisms,  such  as  Volvox, 
Gonium,  Eudorina,  the  plasmodia  of  Myxomycetes,  the  zoos* 
pores  of  many  Al^.i:  (Chietophora,  Ulothrix,  etc.)  and  of  some 
I*'unc^i  (some  sp.  of  C\stopus.  Myxo  my  cetes),  seems  to  suf^g^est, 
as  Engclmann  has  pointed  out,  some  possible  connexion 
between  the  vacuoles  and  locomotion. 

Before  entering  upon  the  consideration  of  the  movements 
of  cellular  organs,  it  will  be  convenient  to  discuss  the  relation 
of  the  movements  already  described  to  external  conditioos. 
It  was  pointed  out  in  a  previous  lecture  (p.  297)  that  they  can 
only  be  performed  within  c-rtain  limits  of  temperature.  A 
second  essential  condition,  in  tlie  case,  at  least,  of  aerobiotic 
plants,  is  the  presence  of  free  oxygen;  it  has  been  already 
mentioned  (p.  297)  that  motile  anaerobiotic  plants  continue  to 
move  in  the  absence  of  free  oxygen. 

In  the  majority  of  cases,  exposure  to  light  is  not  an  essen* 
tial  condition  of  these  protopla.^inic  movements.  Sachs  and 
others  have  observed,  for  instance,  that  the  streaming  of  the 
protoplasm  in  plant-cells  contmues  in  prolonged  darkness,  and 
that  it  occurs  in  the  cells  of  etiolated  plants.   The  effect  of 
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continuous  darkness  on  zoospores  appears  to  be  that  it  pn  »lnnG^s 
their  period  of  motility:  instead  of  cominf^  to  rest  and  gcrini- 
natingy  they  continue  to  swim  about  until  they  die.  Strasbur- 
ger  observed  that  the  zoospores  of  Ulathrix  somUa  continued 
to  move  for  about  three  days,  and  those  of  H<gmaiacoccus 
lacustris  for  over  a  fortnight,  in  darkness.  But  there  is  a  case 
to  which  allusion  was  made  in  a  previous  lecture  (p.  299),  in 
which  the  tonic  influence  of  light  is  an  essential  condition, 
namely,  the  movement  of  Engclmann's  Bacterium  photometri- 
cum.  This  is  a  case  of  very  great  interest  We  have  here, 
namely,  a  motiie  organism  which  can  only  move  in  the 
presence  of  light,  or  in  other  words,  when  it  is  in  a  phototonic 
condition,  a  condition  which  we  have  found  to  be  essential  to 
the  growth  of  leaves  (p.  380).  When  the  Bacteria  are  exposed 
to  light,  movement  does  not  at  once  begin,  but  there  is  a 
"latent  period,"  which  is  the  shorter,  the  more  intense  the  light. 
Similarly  when  the  Bacteria  are  placed  in  darkness,  the  move- 
ment does  not  cease  abruptly,  but  gradually  becomes  less  and 
less  active:  exposure  to  light  produces  a  well-marked  after* 
effect,  the  duration  of  which  is  the  longer,  the  longer,  and 
especially  the  more  intense,  the  previous  ilhnni nation.  When 
exposed  for  some  time  to  bright  light  of  constant  intensity, 
the  Bacteria  come  to  rest,  especially  in  the  absence  of  an 
adequate  supply  of  free  oxygen :  when  they  have  come  to  rest, 
they  can  be  readily  stimulated  to  renewed  movement  by  a 
sudden  and  considerable  variation  in  the  intensity  of  the  light, 
provided  that  the  period  of  rest  has  not  been  longer  than  a  few 
minutes;  when,however,lUe  liacLcria  have  been  at  rest, exposed 
to  light,  for  some  hours,  they  are  no  longer  irritable  by  varia- 
tions in  the  intensity  of  the  light  Engelmann  has  ascertained 
that,  of  the  rays  of  the  spectrum,  the  dark  ultra-red  are  those 
which  are  most  active  in  inducing  the  phototonic  condition ; 
next  in  order  come  the  orange,  yellow,  blue,  and  visible  red. 
The  only  other  case  which  at  all  resembles  this  of  the  Bacte- 
rium, is  that  of  the  Oscillatorias,  which,  according  to  Famint- 
zin,  move  less  actively  in  darkness  than  in  light.  On  the 
other  hand» instances  are  on  record  of  a  diminution  of  motility 
in  consequence  of  exposure  to  light;  this  has  been  observed 
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by  Pring.shcim  with  rcijard  to  the  streaminc^  movement  of 
protoplasm  in  the  cells  of  Spirogyra,  Nitelia,  and  of  the  hairs 
of  Tradescantia,  and  by  Hofmeister  and  fiaianetzky  in  the 
case  of  the  plasmodia  of  Myxomyoetes. 

These  movements  are  also  affected  by  other  conditions. 
They  are  affected,  for  instance,  by  the  amount  of  water  of 
imbibition  ;  thus  the  movements  of  zoospores  are  retarded  by 
increasing  the  concentration  of  the  solution  in  which  they  are 
swimming;  in  the  case  of  the  streaming  movement  of  the  pro- 
toplasm there  appears  to  be,  according  to  Velten,  a  certain 
optimum  proportion  of  water  at  which  the  movements  are 
most  active,  any  increase  or  diminution  of  which  tends  to 
diminish  the  activity  of  the  movement.  Mechanical  stimuli 
also  affect  these  movemcnLs;  according  to  Strasburger  the 
movements  of  zoospores  are  temporarily  arrested  by  vibration; 
and  pressure  and  concussion  tend  to  arrest  the  streaming,  as 
well  as  the  amoeboid,  movement  of  protoplasm,  and  to  cause 
rounding-off'  of  the  protoplasm,  an  effect  which  is  also  produced 
by  electrical  stimuli,  though  apparently  in  some  cases  a  weak 
stimulus  orives  rise  to  an  acceleration  of  movcinciU.  The 
mov( nirnts  are  also  affected  by  various  chemical  substances. 
Strasburger  found  that  zoospores  arc  at  once  killed  by  mor- 
phia, strychnia,  curare,  chloroform,  salicylic  acid,  etc.  The 
streaming  and  the  amceboid  movement  of  protoplasm  b 
arrested  by  chloroform  and  ether  (Kiihne);  and  by  dilute 
alkalies  (Dutrochct),  but  it  is  not  clear  that  the  latter  is  a 
direct  effect;  the  alkali  may  operate  by  modi  tying  the  pro- 
portion of  water  of  imbibition. 

The  direction  of  these  different  movements  is  influenced 
in  a  striking  manner  by  various  external  agents.  Of  the  effecta 
thus  produced,  the  most  remarkable  are  perhaps  those  which 
are  due  to  the  direction  and  intensity  of  the  inddent  rays  of 
light.  With  regard  to  the  influence  of  the  direction  of  the 
incident  rays,  it  has  been  observed  (Strasburger,  Stahl)  that 
the  zoospores  of  various  plants  (Ulothrix,  Haematococcus, 
Botrydium,  Polypha^tpts  Euglcnce,  Chytridium  wrax)  when 
exposed  to  oblique  illumination  place  their  long  axes  parallel 
to  the  direction  of  the  incident  rays,  and  this  the  more 
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readily  the  smaller  the  zoospores.  This  taking  up  of  a  definite 
position  by  the  organism  with  reference  to  the  direction  of  the 
incident  rays  Strasburger  terms  PJwtotaxis,  Phototaxis  has 
also  been  observed  in  certain  Desmids ;  by  Braun  in  Pmium 
curium^  and  by  Stahl  in  a  species  of  Pleurotaenium,  in  Cioste- 
Hum  mmiliforme^  and  others.  These  Desmids  place  them- 
selves with  their  long  axes  parallel  to  the  direction  of  the 
iiicicient  rays  when  the  light  is  moderately  intense,  and  in 
Pcnium  and  Pleurotaenium  it  is  always  the  younger  half 
which  is  directed  towards  the  source  of  light,  but  in  Closterium 
Stahl  observed  a  periodical  reversal  of  position  such  that,  for 
a  time,  one  end  is  directed  towards  the  source  of  light,  and 
then  the  body  is  swung  over  like  a  pendulum,  so  that  the 
other  end  comes  to  l)e  directed  towards  the  source  of  light. 
When,  however,  the  light  is  intense,  these  Desmids,  according 
to  Stahl,  place  their  long  axes  perpendicularly  to  the  direction 
of  the  incident  rays.  Another  instance  of  phototaxis  is  afforded 
by  the  changes  of  position  of  chlorophyll-corpuscles  under  the 
influence  of  light,  to  which  allusion  was  made  in  a  previous 
lecture  (p.  299).  I  hus  Frank  .iiid  Stahl  have  observed  that 
when  delicate  structures  like  Fern-prothallia,  Moss-lcaves,  or 
Vauchcria  filaments,  are  exposed  to  diffuse  daylight  failing 
upon  them  in  one  direction  only,  the  chlorophyll-corpuscles 
collect  on  the  cell-walls  which  are  perpendicular  to  the  direc- 
tion of  the  incident  rays  (see  Fig.  36,  B,  p.  300).  Stahl  has 
also  observed  that  the  chlorophyll-band  of  Mesocarpus,  when 
the  li[,dit  is  moderately  intense,  is  perpendicular  to  the  direc- 
tion of  the  incident  rays. 

With  regard,  now,  to  the  intensity  of  the  incident  rays  it 
appears  that  zoospores  move  towards  the  source  of  light  when 
its  intensity  is  below  a  certain  degree,  and  move  from  it  when 
its  intensity  is  above  this  critical  degree.  This  critical  inten- 
sity is  by  no  means  the  same  in  all  cases,  nor  even  in  all 
zoospores  of  the  same  kind,  nor  in  the  same  zoospore  at 
different  times.  It  depends,  obviously,  upon  the  sensitiveness 
of  the  zoospore,  and  this  is  readily  affected  by  various  condi- 
tions. It  is  affected,  in  the  first  place,  by  temperature.  Thus, 
supposing  that  at  a  certain  medium  temperature,  zoospores 
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move  towards  light  of  a  given  intensity  ;  if  the  temperature 
be  lowered  several  degrees,  the  intensity  of  the  light  remaining 
the  same,  the  zoospores  will  now  move  away  from  the  source 
of  light,  that  is,  their  sensitiveness  to  light  is  now  greater. 
Again,  supposing  that  at  a  certain  medium  temperature  soos- 
pores  move  away  from  light  of  a  given,  and  considerable,  inten- 
sity ;  if  now  the  temperature  be  raised  several  cicgrces,  the 
zoospores  will  move  towards  the  source  of  light,  that  is,  at  the 
higher  temperature  they  are  less  sensitive  to  light. 

Strasburgcr  gives,  amongst  others,  the  following  illustration  ol"  the 
relation  of  sensitiveness  to  tcmpcrattire  in  the  case  of  the  zoospores  o/ 
U(£ma(o€a'us  lacustris  ;  the  light  was  throughout  of  the  same  intensity. 

i6*—  1 8'      zoospores  moved  towards  light, 
4°  C  -      ^      „        away  from  light. 

It  may  he  mentioned  here  that  the  distzibution  of  the  wospoits 
in  a  vessel  of  water  is  affected,  as  Sachs  has  shewn,  by  differences 
temperature  m  different  parts  of  the  liquid,  which  give  rise  to  canents 
which  arc  strong  enough  to  cany  the  sooepofes  along.  Sachs  was  abte^ 
with  emulsions  of  oil,  etc,  to  reproduce  many  of  tiie  phenomena  pre- 
sented by  zoospores.  It  is  quite  cleMi%  however,  that  the  distribution 
of  the  zoospores  under  the  influence  of  light,  is  to  be  attributed  oiiljr 
in  a  small  degree  to  these  currents  in  the  water ;  it  is  mainly  due  to 
their  own  sensitiveness  to  light. 

In  the  second  place,  the  sensitiveness  of  zoospores  to  light 
is  affected  by  the  supply  of  free  oxygen.  Strasburger  observed 
that  when  zoospores  are  kept  in  a  closed  vessel  for  some  hours 

their  sensitiveness  diiuiiiishes,  that  is,  th.il  al  the  end  of  the 
time  they  move  towards  li<^ht  from  which,  at  the  be;^inniiiL(. 
they  moved  away.  Finally,  it  appears  that  the  sensitiveness 
of  zoospores  increases  with  their  age;  that  when  they  are 
young,  they  move  towards  light,  from  which,  when  they  are 
older,  they  move  away. 

The  position  of  the  chlorophyll-bodies  in  the  cells  of 
plants  is  also  affected  by  the  intensity  of  the  light  falling 
upon  them.  Untler  the  influence  of  light  of  moderate  in- 
tensity, the  chiorophyli-corpuscles  are  collected  on  the  cell- 
walls  which  are  perpendicular  to  the  direction  of  incident 
rays  (epistrophe,  see  p.  30a  Fig.  36,  B),  so  that  their  flat 
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surfaces  arc  exposed  to  the  li^^ht  :  when  the  light  is  intense, 
they  are  collected  on  the  cell-walls  which  are  parallel  to  the 
direction  of  the  incident  rays  (light-apostrophe),  so  that  they 
present  their  edges  to  the  incident  rays.  Stahl  has  observed 
much  the  same  thing  in  the  case  of  the  chloroph>  !l-band 
of  Mesocarpus.  When  the  light  is  only  niodcrately  intense, 
the  chlorophyll-band  presents  its  flat  surface  to  the  incident 
.rays,  as  mentioned  above;  when  the  light  is  intense,  it 
presents  its  edge  to  the  incident  rays. 

Phenomena  of  this  kind  have  also  been  observed  in  the 
case  of  the  plasmodia  of  Myxomycetes.  All  observers 
agree  that  the  plasmodia  move  away  from  intense  light,  but 
it  is  not  clear  whether,  under  any  circumstances  they  move 
towards  the  light.  Baranetzky  asserts,  with  reference  to  the 
Plasmodia  of  Aethalium  and  Didymium,  that  they  always 
move  away  from  the  light,  and  the  more  markedly  so  the 
more  intense  the  light,  an  assertion  which  is  confirmed  by 
Stahl,  although  Hofmeister  states  that  rather  fluid  plasmodia 
move  towards  lii^ht  at  least  in  certain  stages  of  their  develop- 
ment. StrasbuTLjcr  mentions  some  experiments  in  which 
plasmodia  of  Aethalium  came  to  the  surface  of  a  mass  of 
spent  tan  in  faint  light ;  but  there  is  no  ground  for  concluding 
that,  in  these  experiments,  the  faint  light  determined  the 
direction  of  the>  movement  of  the  plasmodia,  for  Aethalium- 
plasmodia  come  readily  to  the  surface  of  tan  in  complete 
darkness. 

Witli  regard  to  the  distribution  of  phototactic  influence 
in  the  spectrum,  it  appears,  from  the  observations  of  Cohn 
and  of  Strasburger  on  zoospores,  from  those  of  Baranetzky 
on  Plasmodia,  and  from  those  of  Sachs  on  chlorophyll-cor- 

|)u^  les,  that  this  influence  is  confined  to  the  rays  of  high 
reh<ingibility. 

The  influence  of  other  external  agents  in  determining 
the  direction  of  movement  has  been  chiefly  studied  in  the  case 
of  the  Plasmodia  of  Myxomycetes.  Hofmeister  and  Rosanoflf 
ai)pcar  to  have  been  the  first  to  investigate  the  subject,  and 

they  conchkleil  from  their  observations  that  the  plasmodia 
of  Aethalium  septicum  are  negatively  geotropic.    This  view 
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was  supported  by  BaraneUky,  who  made  the  further  re- 
markable observation  that  by  a  lowering  of  the  temperature 

and  exposure  to  light  the  ncj^ative  geotropism  is  converted 
into   [)uMtLvc.     Strasburger,   Pfeffer,  and    Stah!,   In  w  ever, 
failed  to  detect  any  indication  of  geotropic  irritability  in  the 
Plasmodia.     Strasburger  and  Stahi  shew,  on  the  contrary, 
that  the  apparently  geotropic  phenomena  are  due  to  alto- 
gether dififerent  causes;  either  to  the  direction  of  the 
current  of  water  by  which  the  plasmodia  were  moistened 
ilim'ni^  the  experiment,  or  to  differences  of  moisture  in  the 
ncij^hbourhood.     Strasburger  and  Stahl  have  conclusively 
proved  that  the  plasmodia  are  negatively  rheotropic,  that 
Is,  when  a  stream  of  water  is  allowed  to  trickle  over  them, 
they  move  in  a  direction  opposite  to  that  of  the  stream; 
a  result  which  has  also  been  obtained  by  Jonsson.  Stah! 
has  further  ascertained  that  the  plasmodia  are  positively 
hydrotropic  during  the  greater  part  of  their  existence,  that 
is,  that  they  move  towards  the  most  moist  spot  in  tlieir 
neighbourhood.    When,  however,  they  are  about  to  form 
sporangia,  they  become  negatively  hydrotropic,  and  move 
away  from  moisture.   It  is  on  this  account,  as  Stahl  points 
out,  and  not  on  account  of  negative  geotropism,  that 
plasmodia  which  are  about  to  produce  spores  come  to  the 
surface  of  the  substratum  or   even  climb  up  on  various 
objects  such  as  plants,  etc.    Further  it  has  been  ascertained 
that  Plasmodia  are  thermotropic.   Stahl  observed  that  when 
a  strip  of  blotting  paper,  with  a  Plasmodium  on  it,  was 
placed  on  the  adjacent  margins  of  two  vessels  containing 
water,  the  one  at  7*  C,  the  other  at  30*  C,  the  Plasmodium 
moved  towards  the  vessel  containing  water  at  the  higher 
temperature.      This   obser\'ation    has   been   confirmed  by 
Wortmann,  who  has  further  ascertained  that  at  relatively 
high  temperatures  the  Plasmodium  is  negatively  thermo- 
tropic.   On  repeating  Stahl's  experiment,  the  water  in 
the  cooler  vessel  being  at  is"*  — 20**C^  and  in  the  warmer 
at  40^  C,  he  found  that  the  plasmodium  moved  away  from 
the  water  on  both  sides.     He  determined  the  maximum 
temperature  for  positive  thermotropism  to  be  36*"  C. 
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The  direction  of  movcnicnt  can  also  be  affected  by  chemical 
means.  It  kfi<>\\  n  that  zoospores,  plasmodia,  and  Bactcriitm 
termo  (see  Fig.  35,  p.  256)  move  towards  free  oxygen,  and 
it  has  beeo  furtber  ascertained  that  various  substances 
exercise  an  attractive  or  a  repellent  influence.  Stahl  has 
observed,  In  the  case  of  plasmodia,  that  sodium  chloride, 
potassium  nitrate,  glycerin,  sugar,  etc.,  have  the  effect  of 
repelling  the  plasmodia  of  Aethalium,  whereas  watery 
extract  of  tan  attracts  them.  He  has,  however,  found  that 
the  nature  of  the  effect  depends  upon  the  concentration  of  the 
solution  with  which  the  experiment  is  made.  When  the 
water  with  which  a  plasmodium  is  supplied  is  suddenly 
replaced  by  a  dilute  (0*25 — 2  per  cent)  solution  of  sugar,  the 
Plasmodium  at  once  retires  from  it.  After  some  days  the 
Plasmodium  gradually  adapts  itself  to  the  new  conditions 
and  spreads  itself  out  in  the  solution.  If  now  the  solution 
of  sugar  be  replaced  by  a  more  dilute  solution  or  by  water, 
the  Plasmodium  will  again  retire. 

The  most  interesting  observations  of  this  kind,  inasmuch 
as  they  have  a  direct  bearing  upon  an  important  function 
of  plants,  are  those  of  Pfeffer.  He  finds  that  the  direction 
of  movement  of  ciliated  orj^anisms,  such  as  antherozDitls, 
zoospores  of  Saprolegnia,  motile  Schizomycetes,  is  affected 
by  presenting  to  them  solutions  of  certain  substances  which 
have  a  spedftc  attraction  for  these  organisms.  With  r^ard 
to  antherozoids,  Strasburger  had  pointed  out  that  in  Ferns 
and  in  Marchantia,  they  are  attracted  by  the  substance 
which  is  extruded  from  the  neck  of  the  archcgonium.  Pfeffer 
found  that  malic  acid  ^^iii  combination;  is  the  specific  allractive 
substance  for  the  antherozoids  of  Ferns  and  Selaginella, 
and  cane-sugar  for  those  of  the  Mosses,  but  he  failed  to 
ascertain  what  the  specific  substances  were  for  those  of  the 
Liverworts,  of  Marsilia*  and  of  Chara.  Extract  of  meat 
exercises  an  attractive  influence  on  the  zoospores  of  Sapro- 
legnia, and  any  nutritive  solution  attracts  the  motile  Schiso- 
mycctes. 

The  experiments  wete  made  by  introducing  capillary  tubes  filled  with 
the  soiation  into  water  in  which  the  antberoKnds  etc  weie  swimming, 

V.  34 
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and  obierving  moveoieiit  of  tbe  otguiisnis  tcmazds  ibe  tabes  or 
even  their  entrance  into  them. 

The  strength  and  nature  of  the  stimulating  eflfect  varies 
with  the  cnncctUnition  of  the  solution.  Pfcffer  ascertained 
that  the  weakest  solution  of  malic  acid  which  perceptibly 
affected  the  antherozoids  was  one  of  o^ooi  per  cent.,  the 
antherozoids  beiiig  in  water.  When  the  antheroxoids  are 
swimming  in  dilute  solution  of  malic  acid  or  of  a  malate,  the 
solution  In  the  captllaiy  tube  must  be  relatively  much  higher 
in  order  that  the  antherozoids  may  be  attracted  to  it.  Thus 
when  the  antheroids  were  swiirniiing  in  a  solution  containing 
0*0005  P^^  cent,  of  malic  acid,  the  weakest  attractive  solution 
in  the  tube  had  to  contain  0*01 5  per  cent  of  malic  acid ;  and 
when  the  liquid  in  which  the  antherozoids  were  swimming 
contained  crot  per  cent  of  malic  add.  the  weakest  solutioo 
which  attracted  them  to  the  tube  was  one  containing  0  3  per 
cent,  malic  add.  Clearly  the  presence  of  malic  acid  in  the 
liquid  diminished  the  irritability  of  the  antherozoids.  As 
the  strength  of  the  solution  is  increased,  the  attraction  which 
it  exercises  on  the  antherozoids  also  increases,  but  the  more 
highly  concentrated  solution  comes  to  exetdse  a  repellent 
effect  in  virtue,  simply,  of  its  concentration.  But  it  appears 
that  a  strong  solution  of  a  malate  exercises  a  specific  repellent 
effect  quite  independently  of  that  due  to  its  concentration ; 
that  an  increase  of  the  stimulus  beyond  a  certain  point  induces 
a  reversed  result.  Pfcffer  did  not  determine  exactly  the 
concentration  at  which  this  reversal  takes  place,  but  he 
found  that  a  solution  of  a  malate,  containing  10  per  cent, 
or  even  5  per  cent,  of  malic  add  had  a  marked  repellent 
effect,  whereas  a  solution  containing  15-5  per  cent  of  nitres 
and  0*5  of  malic  add  was  attractive. 

Further,  a  strongly  add  or  an  alkaline  reaction  exercises 
a  repellent  influence  on  antherozoids.  A  solution  containing^ 
001  per  cent,  of  free  malic  acid  attracted  apparently  to  the 
same  extent  as  one  containii^  the  same  proportion  of  add  in 
combination  with  sodium ;  a  solution,  however,  which  con- 
tains 0*1  per  cent  of  free  add  repelled,  whereas  one  con* 
taining  tliat  proportion  of  add  combined  with  sodium  strongly 
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attracted.  An  alkaline  solution,  however  weak,  always  re- 
pelled. 

In  concluding"  our  study  of  these  various  forms  of  mov^e- 
mcnts  and  their  relation  to  external  agents  we  may  briefly 
consider  their  physiological  significance,  and  compare  them 
with  otiier  phenomena  with  which  we  have  already  become 
acquainted.  In  the  case  of  motile  oi^nisms,  their,  power  of 
locomotion  and  their  irritability  to  externa!  agents  enable 
them  to  seek  a  habitat  in  which  the  conditions  of  their  life 
are  the  most  favourable.  By  means  of  zoospores  the  dis- 
tribution of  the  plants  producing  them  is  ensured.  The  pro- 
duction of  motile  and  irritable  antherozoids  by  plants  of  a 
more  or  less  aquatic  habit  is  essential  to  ensure  the  fer- 
tilisation of  the  oospheres ;  in  some  such  plants,  such  as  the 
Florideae,  the  antherozoids  (spermatta)  are  neither  motile  nor 
Irritable,  and  in  these  the  fertilisation  of  the  female  organ  is 
left  entirely  to  chance.  To  this  latter  point  we  shall  sub- 
sequently recur.  The  streaming"  movement  of  the  prot>  4)la^ni 
is  doubtless  connected  with  its  nutrition,  a  view  which  is 
supported  by  the  fact  that  this  movement  can,  in  some  cases, 
only  be  detected  when  the  formative  processes  {e,g.  the  forma- 
tion of  a  wall  after  division)  are  most  active. 

These  movements  which  we  are  considering  are  spon- 
taneous, given  the  necessary  external  conditions,  and  arc 
thus  comparable  to  the  spontaneous  mox  cmcnt  of  growin^^ 
organs  which  we  have  already  studied  (p.  360).  We  see, 
ftirther,  that  these  spontaneously  moving  masses  of  pro- 
toplasm are  affected  by  external  agents  much  in  the  same 
way  as  the  spontaneously  moving  growing  organs.  We  find, 
for  example,  that  the  direction  of  movement  of  zoospores  is 
deteriiiiiicd  by  the  direction  of  the  incident  rays  of  light,  just 
as  is  the  direction  of  growth  of  radial  organs  (p.  428).  When 
exposed  to  light,  the  zoospores  place  themselves  so  that  their 
long  axes  are  parakUel  to  the  direction  of  the  incident  rays ; 
this  is  precisely  what  radial  oigans  tend  to  do  under  the 
same  circumstances  According  to  drcumstances  the  zoo- 
spores move  either  towards  or  away  from  the  source  of  light ; 
similarly,  growing  radial  organs  direct  their  apices  towards  or 
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away  from  the  source  of  light.  Positive  and  negative  pho- 
totaxis  find  their  parallels  in  positive  and  negative  helio- 
tropisni.  But  there  is  a  difference  between  the  two  cases, 
that  the  positive  or  negative  character  of  the  phototaxis  de- 
pends entirely  upon  the  intensity  of  the  li^t,  whereas  the 
character  of  the  heliotropism  of  growing  radial  organs  is  not 
so  determined.  The  positive  or  negative  heliotropism  of  a 
growing  radial  organ  is  a  specific  propert)'  which  is  not 
altered  by  external  condiLiuns  ;  a  negatively  heliotropic  root, 
for  example,  cannot  be  made  positively  heliotropic  by  any 
variation  in  the  intensit)^  of  the  light  to  which  it  may  be  ex- 
posed ;  nor  can  a  positively  heliotropic  shoot  be  made  n^a- 
tivety  heliotropic,  though,  as  we  have  learned  (pp.  425, 429, 
443)  exposure  to  intense  unilateral  illumination  may  cause 
a  radial  slioot  to  become  dorsiventral  and  at  tlic  .same:  time 
diahcliuLropic.  It  is  true  that  the  direction  of  movement  of 
these  masses  of  protoplasm  does  not  appear  to  be  affected  by 
the  action  of  gravity  as  is  the  direction  of  growth  of  growing 
oigans,  but,  on  the  other  hand,  we  find  them  exhibiting  in  a 
striking  manner  the  phenomena  of  thenpotropismt  hydro- 
tropism,  and  rheotropism. 

We  pass  now  to  the  consideration  of  the  movements  of 
mature  cellular  organs.    The  irritability  of  mature  organs  is 
manifested  in  essentially  the  same  manner  as  that  of  growing 
oi^ns,  and  the  nature  of  the  response  is  essentially  the 
same  in  both  cases.   But  it  is  convenient  to  treat  of  them 
separately*  inasmuch  as  the  result  is  different  When  a  grow-  , 
ing  organ,  namely,  performs  a  movement  in  consequence  of 
stimulation,  the  movement  is  irreversible  ;  when,  for  instance, 
a  root  or  a  shoot  curves  j^eotropically,  the  curvature  is  rendered 
permanent  by  deposition  of  substance.    When,  however,  a 
mature  organ  performs  a  movement  in  consequence  of  stimu- 
lation, the  position  which  it  takes  up  Is  not  thus  rendered 
permanent ;  when  the  action  of  the  stimulus  has  ceased,  the  i 
organ  resumes  its  normal  position,  and  is  again  susceptible  of 
stimulation,  and  the  movements  may  be  repeated  an  indefinite 
number  of  times.     The  movements  of  mature  organs  have,  on 
this  account,  been  designated  as  "  movements  of  variatioa  '* 
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by  Pfeffer,  and  a  distinction  between  these  and  those  of 
growing  organs  has  also  been  drawn  by  de  Vries  who,  de- 
signating the  movements  of  variation  by  the  equivalent 
term  "  allassotonic,"  speaks  of  those  of  growing  organs  as 
auxotonic." 

The  movements  of  variation  are  most  commonly  ex- 
hibited by  foliar  oi^gans.  In  the  case  of  foliage-leaves  the 
movement  is  effected  by  means  of  a  special  motile  organ,  the 
puhinus,  which  is  situated  at  the  insertion  of  the  leaf.  This  is 
a  swelling  consisting  of  a  mass  of  rather  small-celled  paren- 
chymatous tissue  covered  by  the  epidermis  and  traversed  by 
a  delicate  6brovascuiar  bundle.  The  fibrovascular  bundle 
may  be  central  so  that  there  is  an  equal  thickness  of  paren- 
chymatous tissue  above  and  below  it,  as  in  Oxalts  Acetosellay 
or  excentric,  as  in  Mimosa  pudkay  where  there  is  more  paren- 
chymatous tissue  below  than  above  the  bundle,  the  pro- 
portion being  as  6:7.  In  some  cases,  as  in  Oxalis  Acctosclla, 
tlic  walls  of  the  parenchymatous  cells  of  the  pulvinus  arc 
all  of  uniform  thickness,  whereas  in  Mimosa  pudica  the  cells  of 
the  upper  half  of  the  pulvinus  have  rather  thicker  walls  than 
'  those  of  the  lower.  There  are  also  intercellular  spaces  in  the 
parenchymatous  tissue  of  the  pulvinus,  which  are  largest  in 
the  neighbourhood  of  the  fibrovascular  bundle,  but  diminish 
in  size  in  the  outer  layers  of  the  tissue,  until,  in  the  most 
external,  they  are  altogether  absent.  The  structure  of  the 
whole  motile  portion  of  motile  floral  leaves,  such  as  petals, 
stamens,  or  styles,  is  essentially  the  same  as  that  of  the  pul- 
vinus, as  is  also  that  of  the  tentacles  of  Drosera,  except  that 
in  some  cases,  as  in  the  staniiiial  filaments  of  Bcrberis  and 
Mahonia,  the  intercellular  spaces  are  absent  (Morren,  linger), 
and  the  tentacles  of  Drosera  (see  Fig.  33,  p.  248).  According 
to  Unger  and  Pfeifer,  intercellular  spaces  are  present  in  the 
staminal  filaments  of  the  Cynarex. 

Of  these  movements  of  variation  some  are  spontaneous. 
The  most  marked  instance  of  spontaneous  movement  is 
afforded  by  the  two  lateral  leaflets  of  the  trifoliolate  leaf  of 
Dcsmodium  {Hedysarnm)  gyrans^  known  familiarly  as  the 
Telegraph-plant,  first  observed  by  Lady  Morrison,  and  hrst 
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Fig.  £5  (after  Gardiner).  Loagitudina]  section  of  pnlvinns  of  HBmom  frnHf 
a,  fibrovascnlar  bundle;  ^,  parendiyniatoiis  tissue  of  upper  balf. 
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Fig.  56  (after  Gardiner).  Transverse  section  of  pulvinus  of  Mimosa  pudica\ 
ft,  parenchyma  of  lower  half;  fibrovascular  bundle;  </,  ]Mirencbyina  of 
upper  half. 

described  by  Pohl  in  1779.  The  lateral  leaflets  are  inserted 
by  means  of  a  relatively  long  pulvinus  on  opposite  sides  of 
the  main  petiole  just  below  the  large  terminal  leaflet  The 
leaflets  move  upumds  and  downwards,  changing  thdr  position 
sometimes  by  as  much  as  180P.   At  the  same  time  they  twist 


Pig.  57  (after  Dnchaitre).  Leaf  of  fftdjwtrum  {DamodiHiii^  gyrmu. 
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somewhat  on  their  own  axes  so  that  the  6gure  described  fay 

the  apex  is  an  irregular  oval  or  ellipse.    The  rapidity  of  the 
movement  varies  with  the  temperature ;  but  at  a  moderately 
high  temperature  (30** — 40*  C.)  the  cycle  is  completed  in  about 
two  minutes.    In  Averrkoa  bUimbi  (Lynch)  the  spontaneous 
movements  of  the  leaflets  are  very  striking.   Some  instances 
of  spontaneous  movement  of  floral  organs  are  also  known, 
and  although  it  has  not  been  definitely  ascertained  whether 
they  belong  to  the  category  of  movements  of  variation ;  or 
whether  they  are  due  to  growth,  like  the  opening  and  closing 
dF  flowers  (pp.  378 — 400),  it  seems  piubablc  tli.it  the  former 
is  the  case.    A  well-marked  case  is  that  of  the  labeilum  of 
Megaclinium  falcatum,^n  African  Orchid, described  by  Morten: 
the  labeilum  consists  of  a  limb  and  a  claw,  and  the  former 
oscillates  upwards  and  downwards  on  the  latter.  Another, 
again,  is  the  movement  of  the  gynostemium  of  StyUdium 
adnatum.    From  the  researches  of  Kabsch  it  appeared  that 
the  movement  of  this  organ  was  induced  and  not  spon- 
taneous, but  Gad's  more  recent  and  complete  observations 
leave  no  doubt  as  to  its  spontaneity.    The  object  of  the 
movement  is  the  scattering  of  the  pollen,  and  it  accordingly 
begins  when  the  anthers  are  about  to  open.  The  gyno- 
stemium bends  over  on  to  the  surface  of  the  labeilum,  a  re- 
duced segment  of  the  quinquepetalous  corolla,  which  bears  a 
viscid  prrjccting  gland  :  to  this  the  gynostemium  adheres 
until  the  moment  arrives  when  the  internal  tensions  which 
tend  to  straighten  it  are  strong  enough  to  free  it  from  the 
adhesive  surface;  the  gynostemium  is  then  released  with 
such  violence  that  it  swings  over  to  the  other  side  of  the 
flower,  at  the  same  time  scattering  the  pollen ;  it  then  slowly 
curves  back  again  on  to  the  gland  of  the  labeilum,  and  is 
then  in  position  for  a  rrjictition  of  the  movement.    No  case 
of  spontaneous  movement  of  stamens  is  certainly  known, 
but  Morren  fancied  he  observed  something  of  the  kind  in 
Sparmannia  and  Cereus. 

The  foliage-leaves  of  many  plants,  particularly  of  those 
belonging  to  the  L^uminosae  and  Oxalidaceae,  possess  the 
power  of  spontaneous  movement ;  for  instance,  the  terminal 
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leaflet  of  Hedysanim,  leaves  of  Mimosa  pudka,  of  Trifolium 
incarnatum  and  praUnse^  of  Oxalis  AcetoseUa,  and  others. 
But  the  movements  are  not  to  be  readily  observed  under 

ordinary  conditions,  inasmuch  as  they  are  masked  by  the 

movcniLnts  which  these  leaves  execute,  as  will  be  subsequently 
described,  uiulcr  the  influence  of  those  variations  in  the  in- 
tensity of  light  which  normally  take  place  in  the  course  of  the 
twenty-four  hours.  The  spontaneous  movements  can  only  be 
made  manifest,  either  by  keeping  the  plant  for  some  time  in 
darkness,  or  by  exposing  tt  continuously,  as  de  CandoUe,  Bert, 
and  I'fcffcr  ha\'c  done,  lo  artifici.il  li^hl  of  uniform  intensity. 
Again,  it  appears  from  Darwin's  researches,  that  the  cotyledons 
of  many  plants  belonging  to  these  Natural  Orders  possess 
pulvini,  and  it  is  therefore  probable  that  they  too  perform 
spontaneous  periodic  movements  of  variation. 

As  illustraiions  of  these  spontaneous  movements  the  following  obser- 
vations of  Pfeffer's  may  be  j^ivcn.  W  hen  exposed  to  continuous  illumi- 
nation a  terminal  leaflet  of  Trifolium  pratense  executed  movements 
through  from  30  to  120"  in  periods  of  from  1^  to  4  hours.  The  terminal 
leatlet  of  Hcdysarum  (Dcsmodium)  performs  more  rapid  bui  less  extensive 
n^ovcments :  it  has  been  observed  lo  move  through  8  in  from  10  to  30 
seconds. 

The  performance  of  spontaneous  movements  of  variation 

is  dependent  upon  a  combination  of  favourable  external 
conditions.  These  conditions  are,  a  suitable  temperature, 
exposure  to  light,  a  supply  of  free  oxygen,  and  a  supply  of 
water.  With  regard  to  the  relation  between  the  activity  of 
movement  and  the  temperature,  it  is  doubtless  essentially  the 
same  as  in  the  case  of  all  other  functions:  that  there  are, 
namely,  minimum  and  maximum  temperatures  at  which 
the  movement  is  arrested,  and  between  these  an  optimum 
temperature  at  which  it  is  most  active.  For  example,  ac- 
cording to  Kabsch,  the  lateral  leaflets  of  Desmodium  do  not 
move  at  temperatures  below  22*"  C. :  at  28""  to  30"  C.  the  cycle 
of  movement  occupies  about  four  minutes;  at  ss^'C  it 
occupies  from  85  to  90  seconds  :  at  higher  temperatures, 
probably,  thouffh  the  observations  were  not  made,  the 
movement  would  be  less  active,  and  finally  would  be  arrested. 
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With  regard  to  the  action  of  light,  it  is  true  that,  as  men- 
tioned above,  the  spontaneous  movements  are  exhibited 
i^en  the  plant  is  kept  in  darkness,  but,  if  the  period  be 
prolonged,  the  movements  cease  altog^ether,  as  Sachs  and 
others  have  ascertained.  Clearly,  the  tonic  influence  of 
light,  the  state  of  phototonus,  is  essential  to  the  movement 
of  these  leaves,  just  as  it  is  essential,  as  a  rule,  to  the  c^row^th 
of  leaves  (p.  380).  Long  continued  drought  also  leads  to 
the  arrest  of  the  spontaneous  movements.  The  eflfcct  of  pro- 
longed exposure  to  extremes  of  heat  and  cold,  to  darkness, 
and  to  drou^t;  has  been  investigated  by  Sachs  in  the  case  of 
Mimosa  pudka.  Under  all  these  circumstances  the  spon- 
taneous movements  are  arrested,  a  state  of  comfrfete  immodltty 
being  induced. 

Leaving,  now,  the  spontaneous  movements  of  variation, 
we  pass  to  the  consideration  of  those  which  are  induced 
by  the  action  of  stimuli,  and  we  will  begin  with  those  induced 
by  variations  in  the  intensity  of  light.  It  may  be  stated 
generally  that  a  marked  diminution  in  the  intensity  causes 
what  is  termed  a  movement  of  closing,  and  a  marked  in* 
crease,  a  movement  of  opening,  that  is,  the  assumption  of 
a  position  in  which  the  leaves  arc  iuliy  expanded.  This 
may  be  well  seen  in  the  case  of  the  Sensitive  Plant  {Miviosa 
pudicd) ;  when  it  is  removed  into  darkness  its  leaficts  close, 
and  when  it  is  again  brought  into  the  light  its  leaflets  open. 
The  effect  is  not,  however,  immediate  in  either  case ;  in  this^ 
as  in  all  other  cases  of  the  action  of  stimuli,  there  is  a  latent 
period,  a  time,  that  is,  which  intervenes  between  the  action 
of  the  stimulus  and  the  first  indication  of  its  effect.  In  the 
Sensitive  Plant  this  period  is  relatively  short,  and  it  is  on 
this  account  that  this  plant  is  especially  suitable  for  the 
purpose  of  experiment.  A  peculiar  effect  of  an  increase 
in  the  intensity  of  light  on  tiie  position  of  leaves  was  finit 
observed  by  Cohn,  and  subsequently  studied  by  Batalin 
and  by  Pfeffer,  in  the  case  of  OxaUs  Aceioselia,  When  a 
plant  with  expanded  leaves  is  brought  from  diffuse  dayh'ght 
into  bright  sunlight,  its  leaves  fall  down,  just  as  they  do 
when  the  plant  is  placed  in  darkness,  and  they  retain  that 
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position  so  long  as  the  sunlight  continues  to  fall  upon  them  ; 
their  position  being  quite  independent  of  the  direction  of 
the  Incident  rays.  This  matter  has  not  been  fully  Investi- 
gated, but,  as  Pfeffer  points  out,  it  suggests  that  there  is  a 

certain  optimum  intensity  of  light  under  which  the  leaves  are 
fully  expanded,  and  that  any  increase  beyond  tliis  acts  like  a 
diminution  in  causing  them  to  close. 

With  regard  to  the  particular  rays  of  the  spectrum  which 
determine  these  movements^  it  appears^  from  the  observations 
of  Sachs  and  of  Bert;,  that  the  highly  refiangible  rays  are 
those  which  are  especially  concerned*  When  a  plant  with 
its  leaves  fully  expanded,  is  exposed  to  yellow  light,  the  leaves 
soon  close ;  whereas  if,  under  the  same  circumstance  ,  the 
plant  be  exposed  to  blue  light  its  leaves  will  remain  expanded. 
Yellow  light  acts  like  darkness :  blue  light  like  daylight 

In  consequence  of  their  sensitiveness  to  variations  in  the 
intensity  of  light,  mottle  leaves  perform  periodic  movements 
in  accordance  with  the  normal  variations  which  take  place 
within  the  twenty-four  hours.  When  darkness  comes  on  they 
close,  a:ul  when  it  again  becomes  light  they  unfold.  The  move- 
ment of  closing  is  termed  the  "sleep"  or  nyctitropic  movement, 
and  recalls  those  exhibited  by  some  growing  floral  and  foliage 
leaves.  The  closed  condition  is  what  is  known  as  the  nocturnal 
position,  the  expanded,  as  the  diurnal  position.  The  normal 
alternation  of  day  and  night  thus  impresses  on  these  motile 
organs  a  daily  periodicity  of  movement,  just  as  it  impresses 
on  growing  organs  a  daily  periodicity  of  growth  (p.  400;. 

Periodic  movements  occm*  generaJly  in  the  ofders  Legummosae  and 
Oxalidsceae^  and  they  have  been  observed  in  various  plants  bdonging  10 
other  oiden ;  In  Phyllantkms  Niruri  (EnphoitiaGeaeX  PorUtria  hjgnh 
mdrieOf  (ZygophyUaceaeX  smong  Dicotyledons ;  in  TkaUa  dioliata  and 
BfaratUa  armuUnacea  (Cannacese),  Sirephmm  Jhribundum  (Graminese), 
among  Monocotyledons ;  and  in  ManUia  ptadrifbiia  among  Vascular 
Cryptogams.  (See  Darwin.) 

The  sleep-movement  has  in  all  cases  this  result,  that  tlie 
upper  surface  of  the  leaf,  instead  of  being  horizontal,  is 
brought  more  or  less  nearly  into  a  vertical  plane>  but  the 
direction  of  the  movement  is  different  in  different  cases. 
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Among  the  Oxalidacea  the  sleep-movement  consists  in  the  downward 
sinking  of  the  leaflets,  the  leaflets  becoming  at  the  same  time  somewhat 
folded  on  themselves  in  the  genus  Oxalis ;  in  Averrhoa  the  leaves  simply 
hang  vertically  downwards.  Among  the  Leguminosse  the  leaflets,  in  some 
cases,  simply  sink  vertically  downwards  (Phaseole^) ;  in  others,  they  sink 
down  whilst  the  main  petiole  rises  (terminal  leaflet  of  Desmodium,  Acacia 
Farnesiana) ;  in  others,  they  sink  downwards  and  twist  on  their  axes  so 
that  their  upper  surfaces  are  in  contact  beneath  the  main  petiole  (Cassia) ; 
in  others,  again,  they  rise  and  bend  backwards  towards  the  insertion  of 
the  petiole  {Coronilla  rosea) ;  in  others,  they  rise,  and  the  main  petiole 
rises  also  (Lotus,  Cytisus,  Trigonella,  Medicago),  whereas  in  Mimosa 
pudica  the  leaflets  rise  and  bend  forwards,  whilst  the  main  petiole  falls; 
in  some,  finally,  the  leaflet  (Melilotus)  or  tJie  whole  leaf  (Lupinus)  turns 
through  an  angle  of  90°  so  that  its  surfaces  are  vertical.  The  sleep- 
movement  of  the  leaflet  of  Phyllanthus  Niruri  resembles  that  of  Cassia  : 
the  leaves  of  Porlieria  hygrometrica  sink  downwards :  those  of  Thalia 
(Ualbata  and  Maranta  arundinacea  (Cannacea?)  rise  up :  in  the  Grass 
Strephium  floribufuium^  the  leaves  on  the  upright  shoots  rise  up  at  night, 
whereas  those  on  the  horizontal  shoots  twist  through  an  angle  of  nearly 
90"  so  that  the  tips  point  towards  the  apex  of  the  shoot  the  surfaces  being 
vertical :  in  Marsilea  the  leaflets  rise  up,  the  two  uppKjr  leaflets  being 
embraced  by  the  two  lower.    (See  Darwin.) 


Fig.  58  (after  Darwin).    Tracing  of  the  nyctitropic  movement  of  a  leaflet  of 

Averrhoa  bilimbi. 
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The  accompanyingf  tracings  illustrates  the  downward 
slccp-movcinent  of  a  leaflet  of  Averrhoa  biliuibi.  It  will  be 
seen  that  the  fall  is  not  continuous,  but  that  it  is  interrupted 
by  rises,  so  that  the  lines  traced  is  a  zig-zag.  These  secondary 
rises  are  due  to  the  spontaneous  movements  of  the  leaflet 

Inasmuch  as  the  movements  which  depend  upon  the 
alternation  of  day  and  night  have  been  more  especially 
studied  in  the  Sensitive  Plant  (Mimosa  pudicd),  it  will  be 
well  to  describe  them  as  they  occur  in  this  plant.  The  leaf 
is  bipinnate:  the  primary  petiole  is  articulated  to  the  stem 
by  a  pulvinus,  as  are  also  the  secondary  petioles  to  the 
primary,  and  the  leaflets  to  the  secondary  petioles.  Begin- 
ning, now,  the  observation  of  the  changes  in  position  of  the 
leaf,  we  find  that  in  the  middle  of  the  day  the  primary 
petiole  of  a  vigorous  and  fully  developed  leaf,  makes  an 
acute  angle,  not  much  smaller  than  a  rif^ht  angle,  with  the 
internode  above  its  insertion  ;  at  the  same  time  the  second. iry 
petioles  arc  widely  divaricated  and  the  leaflets  arc  fully 
expanded.  In  the  course  of  the  afternoon  the  main  petiole 
slowly  sinks,  so  that  the  angle  which  it  makes  with  the 
internode  above  its  insertion  increases  to  a  r^ht  angle  or 
even  to  an  obtuse  angle.  As  darkness  comes  on  the  leaflets 
fold  upwards  and  forwards  in  pairs,  and  the  secondary  petioles 
approach  each  other  so  as  tu  bLCuiiiL  nearly  parallel  ;  this 
is  followed  by  a  sudden  fall  of  the  main  petiole  so  that 
it  now  makes  a  large  obtuse  angle  with  the  internode  above 
its  insertion.  This  is  the  nocturnal  position.  It  was  thought 
that  the  leaf  retained  this  position  throughout  the  hours  of 
darkness,  but  the  researches  of  Bert,  Millardet,  and  Pfefler 
have  shewn  that  this  is  not  the  case.  After  having  sunk 
during;  the  first  hours  of  the  night,  the  primary  petiole  slowly 
rises  until  it  forms  a  highly  acute  angle  with  the  internode 
above  its  insertion ;  at  the  same  time  the  secondary  petioles 
gradually  separate  and  expand.  With  the  morning  light, 
the  leaflets  open,  and  the  main  petiole  sinks  down  during 
some  hours  until  it  gains  the  nearly  horizontal  direction  in 
which  it  remains  during  the  middle  of  the  day.  and  which 
is  characteristic  of  the  diurnal  position  of  the  leaf. 
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Pio.  59  (after  Dadrntn).  A,  loif  of  MimMm  pmHat  io  tlie  dlomal 


FlO.  60  (after  Darwin).     .     Leaves  of  Hdlyuii  urn  {Dexmotfsum)  ^/rans,  itk 
the  diurnal  pubitiuii;  £,  in  the  nocturnal  position. 
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It  will  be  observed  that  the  primary  petiole  has  a  com- 
plete daily  period  of  this  kind^  that  from  dawn  to  evening 

it  sink-s,  and  rises  from  evening  to  dawn.  Millardet  has 
shewn  that  this  |)ciiodicity  of  movement  of  the  primary 
petiole  stands  in  direct  relation  to  the  daily  periodicity  of 
tension  in  the  plant  (p.  406),  just  as  is  the  case  with  the  daily 
period  of  growth  in  length  (see  p.  408).  He  finds,  namely, 
that  the  maximum  tension  occurs  just  before  dawn,  and  the 
minimum  early  in  the  evening,  the  tension  decreasing  during 
the  day,  and  increasing  during  the  night.  The  time  of 
maximum  tc  nsioii  coincides  with  the  most  elevated  position 
of  the  primary  petiole ;  and  as  the  tension  diminishes  during 
the  day,  so  the  primaiy  petiole  sinks  downwards.  There 
is,  however,  an  apparent  discrepancy  in  that  whereas  the 
tension  begins  to  increase  eariy  in  the  evening,  tiie  primary 
petiole  sinks  rapidly  during  the  first  hours  of  the  night. 
This  discrepancy  is,  as  Pfeffer  has  clearly  shewn,  only  ap- 
parent and  not  real.  The  rapid  fall  of  the  primary  petiole 
at  this  period  is  due  to  the  increased  mechanical  moment 
of  the  secondary  petioles  and  their  leaflets  when  they  have 
assumed  their  nocturnal  position,  in  consequence  of  which 
the  primary  petiole  Is  bent  downwards.  When  the  secondary 
petioles  are  removed,  the  primary  petiole  does  not  perform 
this  downward  movement,  but  begins  to  rise  as  tlic  tension 
increases.  When  the  leaf  is  entire  the  primary  petiole  is 
only  able  to  raise  the  weight  of  the  secondary  petioles  and 
leaflets  when  the  tension  has  increased  considerably  above 
the  minimum,  and  its  rise  is  then  assisted  by  the  gradual 
separation  of  the  secondary  petioles  which  is  also  a  result 
of  the  increased  tension.  This  relation  between  the  tension 
uf  the  tissues  and  the  daily  movement  of  the  leaves  has  only 
been  investigated  in  the  case  of  the  Sensitive  Plant,  but  it 
doubtless  exists  in  all  cases. 

The  daily  periodicity  of  movement  thus  induced  by  the 
normal  variations  in  the  intensity  of  light  during  the  twen^» 
four  hours,  makes  itself  apparent  for  a  time  after  the  plant 
has  ceased  to  be  exposed  to  them,  either,  by  being  kept 
in  darkness  or  by  being  exposed  to  continuous  light    Thus  I 

I 

Digitized  by  Google 


544 


LECTURE  XX. 


Sachs  observedt  in  the  case  of  Mimosa,  that  the  daily  period 
persuted  for  four  days  in  darkness,  and  similar  observations 
have  been  made  hy  Bert.   The  movements,  however,  gradually 

become  irregular,  owin^^  to  the  iiianiicsLation  of  the  spon- 
taneous movements.  When  the  plant  is  kept  in  darkness 
the  leaves  eventually  become  rigid,  but  when  continuously 
illuminated  the  spontaneous  movements  continue  without 
any  apparent  diminution  of  amplitude. 

We  are  now  in  a  position  to  consider  the  fact,  to  idiich 
allusion  was  made  above,  that  the  spontaneous  movements 
are,  as  a  rule,  cither  arrested  or  much  diminished  in  amplitude 
under  normal  conditions  of  illumination.  The  daily  period- 
icity of  movement  is,  as  it  were,  so  forcibly  impressed  on 
the  plant  that  it  leads  to  the  more  or  less  complete  oblite- 
ration of  the  spontaneous  movement  The  reason  why  the 
lateral  leaflets  of  Despwiwm  gyrmns  continue  their  move- 
ments actively  at  all  times  is  that  they  are  apparently  not 
sensitive  to  variations  in  the  intensity  of  light,  for,  as  Darwin 
points  out,  they  do  not  sleep. 

Variations  of  temperature  act  as  stimuli,  though  not  ver}' 
poweriully,  in  inducing  movements.  Pfeffer  remarked  that 
a  sudden  change  from  a  temperature  of  18''  to  20*"  C.  to  one 
of  30*^  to  31''  C.  caused  the  leaflets  of  Ox(^  AutaseUa  to  sink 
through  80^  in  the  course  of  half-an-hour.  So  marked  a 
result  was,  however,  only  attained  when  the  effect  of  the 
variation  of  temperature  coincided  with  the  phase  of  the 
daily  j)eriod,  that  is,  when  it  was  made  in  the  afternoon  or 
evening.  When  made  in  the  morning  the  variation  of  tern* 
perature  produced  a  much  smaller  fall,  usually  not  more 
than  10°  or  15^  The  same  effect  was  produced  by  a  gmdual 
rise  of  temperature.  According  to  Millardet  a  rise  of  tem* 
perature  causes  the  main  petiole  of  Mimosa  to  rise,  and 
a  fall  causes  it  to  sink  :  the  effect  of  a  variation  of  tempera- 
ture in  either  direction  on  the  leaflets  is  to  cause  them  to 
close. 

Some  of  these  motile  leaves  or  leaflets,  such  as  those  of 
the  Oxalidaceae  and  the  Leguminosae,  notably  those  of  the 
Sensitive  Plant,  are  sensitive  to  mechanical,  electrical,  or 
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chemical  stiinuH.   Not  all  motile  leaves,  however,  are  thus 

sensitive,  as  is  clearly  seen  in  the  case  of  the  lateral  leaflets 
of  Desmodium.  The  effect  of  such  a  stimulus  is  to  cause 
the  leaves  or  leaflets  to  take  up  a  position  closely  resembling 
the  nocturnal  position,  though,  as  we  shall  see,  the  mechanism 
in  the  two  cases  is  different  Some  organs  which  do  not 
exhibit  spontaneous  movement,  and  are  not  affected  by 
variations  in  the  intensity  of  light,  arc  sensitive  to  stimuli 
of  this  kind  :  instances  of  this  are  afforded  by  the  stamens 
of  the  Cynareae,  of  Berberis,  of  the  Cistineai,  of  Sparmannia, 
the  style  of  Goldfussia  amsopkyUa^  the  lobes  of  the  stigma 
of  Mtmulus,  Martynia,  Bignonta,  and  others,  the  tentacles 
on  the  leaf  of  Drosera,  the  blade  of  the  leaf  of  Dionsa, 
of  Aldrovanda,  and  of  Pinguicula.  The  effect  of  stimulation 
on  the  stamens  of  the  Cynareai  is  to  cause  them  to  shorten 
(Pfeffcr) :  the  stamens  of  Berbcris  rise  up  from  their  nearly 
horizontal  position  so  that  the  anther  comes  into  contact 
with  the  stigma :  the  effect  of  a  stimulus  on  those  of  Spar- 
mannia and  of  the  Cistineae  is,  on  the  contraty  to  cause  them 
to  bend  outwards  and  downwards  towards  the  petals:  in 
both  cases  the  slaincns  slowly  regain  their  original  position 
(MurrenV  Stimulation  causes  the  curved  style  of  Gold- 
fussia anisophylla  to  straighten  itself,  or  even  to  bend  over 
in  the  opposite  direction  (Morren).  The  stigmas  of  Mimulus, 
Martynia,  Btgnonia,  etc,  are  bilabiate,  and  the  effect  of 
stimulation  is  that  the  two  lips  close  together.  The  mai^'nal 
tentacles  of  Droscra  curve  inwards  towards  tlic  centre  of 
the  leaf  on  bcinir  stimulated  :  the  two  halves  of  the  leaf-blade 
of  Dioncua  viuscipnla  fold  upwards  and  meet,  as  do  also  those 
of  the  leaf  of  Aldravantla  vesiculosa :  the  margin  of  the  leaf 
of  Pinguicula  curves  inwards. 

The  nature  and  the  degree  of  the  sensitiveness  are  by  no 
means  the  same  in  all  these  cases.  In  most  Oxalidaceai  and 
Leg^minosai  movement  can  only  be  induced  by  violent 
shaking,  whereas,  in  some,  such  as  Mimosa  pudica  and  Oxalis 
sensitiva^  a  touch  suffices.  A  very  slight  touch  also  suffices  to 
induce  movement  in  the  sensitive  floral  organs,  and  in  the  leaves 
of  Dionsea  and  Aldrovanda.  In  the  other  insectivorous  plants 
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Fig.  6i  (after  Darwin).    Surface-view  of  leaf  of  Drosera  rotundifolia  with  mar- 
ginal tentacles  of  one  side  inflected. 


Fig.  6a  (after  Darwin).   Leaf  of  Dionaa  rmiscipula  open. 


Fig.  63  (after  Kurtz).  Portion  of  a  transverse  section  of  the  leaf-blade  of  Dionaa 
muscipula^  with  a  sensitive  hair  on  the  inner  surface  of  one  lateral  half  of  the 
blade. 
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a  single  touch  is  not  sufficient,  as  appears  from  Darwin's  ob- 
servations. Thus,  a  tentacle  of  Drosera  requires  to  be  touched 
several  times  before  any  movement  occurs,  and  reacts  better 
under  the  continued  contact  of  some  small  body;  the  in- 
curving of  the  margin  of  the  leaf  of  Pinguicula  is  only  in* 
duced  by  placing  small  objects  on  it  These  organs  are 
remarkable  for  their  ready  reaction  to  chemical  stimuli.  The 
tentacles  of  Drosera,  for  instance,  are  caused  to  inflect  much 
more  rapidly  when  the  bodies  placed  on  the  leaves  are  such 
that  they  contain  some  nitrogenous  substance  which  can  be 
absorbed  by  the  plants  such  as  pieces  of  raw  meat,  of  hard- 
boiled  eggs,  fragments  of  insects.  For  example,  a  small 
piece  of  raw  meat  placed  on  the  gland  of  a  tentacle  caused 
inflexion  in  five  or  six  minutes,  whilst  with  a  piece  of  cinder 
the  shortest  time  of  inflexion  was  3  hours  and  40  minutes. 
Drops  of  nitrogenous  liquids,  such  as  milk,  solution  of  al- 
bumen, of  urea,  infusion  of  raw  meat,  or  of  peas  or  cabbages, 
cause  rapid  and  well-marked  inflexion;  this  effect  is  pro- 
duced also  in  a  remarkable  degree  by  dilute  solution  of  salts 
of  ammonia  applied  either  to  the  glands  of  the  marginal 
tentacles  or  to  the  disc  of  the  leaf-blade.  In  some  cases  the 
application  of  a  nitrogenous  substance  caused  an  incurvation 
of  the  margin  of  the  blade  as  well  as  inflexion  of  the 
tentacles.  Similarly,  the  application  of  organic  nitrogenous 
substances,  such  as  pieces  of  meat  and  fragments  of  insects, 
or  drops  of  nitrogenous  liquids  caused  more  rdpid  and  more 
marked  incurvation  of  the  margins  of  the  leaf  of  Pincfuicula 
than  when  other  substances  were  employed.  And  not  only 
do  these  nitrogenous  substances  give  rise  to  more  active 
movements,  but  the  new  position  induced  by  them  is  main- 
tained for  a  much  longer  time  than  when  other  substances 
are  employed.  Ammonia  gas  is  one  of  the  most  powerful 
chemical  irritants ;  exposure  to  it  induces  movement  in  all 
irritable  motile  organs. 

In  many  of  these  organs  it  can  be  clearly  observed  that 
the  stimulus  is  transmitted  from  one  part  to  another.  Thus 
if  the  terminal  pair  of  leaflets  of  a  pinna  of  the  leaf  of  the 
Sensitive  Plant  be  irritated,  not  only  will  they  fold  up,  but 
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each  of  the  other  pairs  of  leaflets  of  the  same  pinna  will  fold 

up  in  succession :  if  the  stimulus  is  sufficiently  strong  its 
effect  may  extend  to  other  pinna;  causing  their  leaflets  to 
fold  up,  or  even  to  the  main  petiole  which  then  sinks  down- 
wards. Stimulation  of  one  leaf,  if  sufficiently  powerful,  will 
cause  movement  in  another.  In  the  case  of  Drosera,  Darwin 
ascertained  that  stimulation  of  the  cential  tentacles  of  a  leaf 
eventually  causes  the  inflexion  of  the  maiginal  tentacles^  and 
that  the  stimulus  travels  more  readily  longitudinally  tlum 
transversely  through  the  leaf.  Moncii  observed  also  in  Spar- 
mannia  africaua  that  stimulation  of  one  sumen  cause>  the 
others  to  move.  In  Dion?ea  the  stimulation  of  one  half  of 
the  lamina  causes  both  halves  to  close. 

In  some  cases  the  irritability  to  contact  is  especially 
localised  in  particular  parts  of  the  organ.  Thus,  in  Mi$H»sa 
pudica,  no  movement  ensues  if  the  upper  side  of  the  pulvinus 
of  the  primary  petioles  is  touched,  but  only  when  the  sensi- 
tive hairs  on  the  under  side  of  the  pulvini  are  touched ;  and, 
in  the  leaflets,  it  is  the  upper  surface  which  is  sensitive ;  in 
more  general  terms,  that  side  is  sensitive  towards  which 
the  movement  consequent  on  stimulation  takes  place.  In 
Drosera  the  irritability  of  the  tentacles  is  localised  in  the 
terminal  gland;  tentacles  deprived  of  their  glands  are  not 
iiriUiblc,  as  Darwin  ascertained.  In  Dionaea  movement  only 
ensues  when  the  irritable  hairs  on  the  upper  surface  are 
touched. 

We  have  now  to  consider  the  conditions  of  irritability.  In 
the  6rst  place,  a  supply  of  free  oxygen  as  essential.  Dutrochet 
observed  that  the  leaves  of  Mimosa  fudica  lose  their  trrita^ 
bility  in  vacuo,  an  observation  which  Kabsch  confirmed  and 

extended  to  the  stamens  of  Berberis  and  Helianthemum. 
Kabsch  also  ascertained  that  these  stamens  lose  their  irrita- 
bility in  an  atmosphere  of  nitrogen,  hydro<;en,  or  carbon 
dioxide.  Darwin  observed  that  an  atmosphere  of  carbon 
dioxide  had  a  paralysing  effect  on  the  tentacles  of  Drosera. 
Secondly,  the  temperature  must  be  suitable.  According  to 
Sachs  the  leaves  of  Mimosa  lose  their  irritability  when  kept 
for  some  hours  in  air  at  a  temperature  of  15°  C,  and  within 
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half-an-hour  in  air  at  45°  C.  Thirdly,  in  the  case  of  motile- 
organs  containing  chlorophyll,  such  as  foliagc-leavcs,  exposure 
to  light  is  essential.  From  the  observations  of  Saciis,  and 
Bert,  it  appears  that  the  leaves  of  Mimosa  cease  to  be  irritable 
when  kept  in  darkness  for  two  or  three  days,  the  leaflets 
losing  it  earlier  than  the  petioles  ;  irritable  stamens,  on  the 
contrary  retain  their  irritability  in  darkness.  The  irrilal)ility 
of  motile  leaves,  like  that  of  growing  leaves  (p.  380),  is  clearly 
dependent  upon  phototonus.  It  appears,  from  Bert's  observa- 
tions on  the  Sensitive  Plant,  that  the  rays  of  low  refrangibility 
(red-yellow)  are  those  which  are  most  favourable  to  the  photo- 
tonic  condition,  whereas  green  light  causes  a  loss  of  irritability 
almost  as  rapidly  as  darkness.  He  exposed  plants  to  white, 
red,  yellow,  green,  violet,  and  blue  light,  and  he  found  that  at 
the  end  of  twelve  days  the  plants  in  the  green  light  had 
entirely  lost  their  sensitiveness,  whereas  all  the  others  were 
highly  sensitive  and  remained  so  for  many  weeks.  With 
regard  to  the  relative  value  of  the  other  colours  Bert's  results 
are  not  definite  inasmuch  as  the  glasses  which  he  used  were 
by  nu  means  monochromatic.  Lastly,  a  supply  of  water  is 
necessary.  Sachs  obser\^ed  that  a  Mimosa  left  unwatered  for 
a  considerable  time  lost  its  irritability,  and  Darwin  mentions 
that  the  leaves  of  a  plant  of  Parlieria  hygrametrka  left  un- 
watered ceased  to  perform  their  daily  periodic  movements, 
the  leaflets  remaining  partially  or  completely  closed  during 
the  day. 

Irritability  is  also  temporarily  destroyed  when  the  motile 
organs  are  exposed  to  the  action  of  chloroform  or  ether,  and 
this  appears  to  be  true,  so  far  as  the  observations  go,  of  other 
anaesthetics.  This  has  been  observed  in  the  case  of  Mimosa 
by  Bert  and  by  Pfelfer,  and  in  the  case  of  the  stamens  of 
Berberis,  Mahonia,  the  Cynareae  and  Cistinese,  the  stigmas  of 
Mimulus,  Martynia,  etc.,  by  lleckel.  lleckcl  also  ascertained 
that  a  solution  of  morphia  (10  per  cent.)  acts  on  the  stamens 
of  Berberis.  After  exposure  to  ether  Darwin  found  the  leaf 
of  Dionaa  wusciptda  did  not  move  when  the  sensitive  hairs 
were  touched,  but  it  did  so  when  the  tip  of  it  was  cut  ofll 
It  appears  that  the  sensitiveness  of  the  leaf  was  much 


Digitized  by  Gopgle 


L£X:TUR£  XX. 


diiniiiished  since  so  powerful  a  stimulus  was  needed  to  make 
it  close. 

Bert  seems  to  be  mistaken  in  asserting  that  under  the 
influence  of  chloroform  a  stimulated  leaf  of  Mimosa  is  arrested 
in  the  position,  which  it  assumes  on  stimulation^  for  Pfefier, 
on  repeating  the  experiment,  found  that  under  these  cficimi- 

stances,  the  priiiiai>  petiole  slowly  rises  althouj;^h  the  leal  may 
have  become  quite  insensible  to  touch  under  the  influence  of 
chloroform. 

Another  means  by  which  irntability  is  dimtni^ed  or 
abolished  is  repeated  stimulation.  This  has  been  observed 
by  Bert  and  by  Pfeffer  in  the  case  of  Mimosa  fmdua.  When 
tiie  primary  petiole  is  first  stimulated  it  sinks»  and  then  rises, 

although  the  stimulation  is  continued,  quite  as  rapidly  as 
under  normal  conditions.  The  pulvinus  is,  however,  now 
insensible,  and  a  fall  of  the  petiole  on  stimulation  can  only  be 
induced  after  a  period  of  rest  of  from  five  to  fifteen  minutes. 
The  interval  between  the  stimuli,  in  order  that  the  condition 
of  fatigue  may  be  thus  induced,  must  be  veiy  short,  the 
shorter  the  more  irritable  the  condition  of  the  plant:  witli 
imperfectly  irritable  plants  Pfeffer  found  that  the  interval 
might  be  as  long  as  two  minutes.  If,  however,  a  suiVicient 
time  be  allowed  to  elapse  between  each  stimulation  to  p>ermit 
the  leaf  to  regain  its  irritable  condition,  it  appears  that  stimu- 
lation an  indefinite  number  of  times  will  be  followed  by 
movement. 

The  effect  of  anassthetics  or  of  repeated  stimulation  in 

destroying  irritability  are  purely  local.  When  one  leaf  of  a 
Mimosa  is  exposed  to  the  action  of  chiuioloi  m  or  ether,  that 
leaf  alone  is  affected,  the  other  leaves  remaininp^  irritable,  and 
this  is  true  also  of  the  repeated  stimulation  of  one  leaf« 
Burdon-Sanderson  states  that  when  in  consequence  of  re* 
peated  stimulation  any  one  of  the  sensitive  hairs  on  the  leaf 
of  Dionaea  has  lost  its  irritability,  the  movements  of  the  leaf 
may  be  induced  by  stimulation  of  another  hair. 

In  some  cases  not  only  is  irritability  destroyed  by  these 
conditions  but,  as  mentioned  above,  the  organ  passes  into  a 
completely  immotiie  state  under  prolonged  exposure  to  them. 
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This  has  bccii  ^ascertained  with  regard  to  extremes  of  heat 
and  cold,  darkness,  and  drou^'ht  in  the  case  of  MiDiosa pudica. 
The  position  of  the  immotiie  leaf  is  peculiar  and  is  worthy 
of  notei  It  somewhat  resembles  the  diurnal  position  ;  but 
the  main  petiole  is  horizontal,  instead  of  being  directed 
obliquely  upwards,  and  the  leaflets  are  incompletely  expanded, 
but  the  secondary  petioles  are  divaricated.  The  first  effect 
upon  the  leaf  is  that  it  loses  its  irritability  to  mechanical 
stimulation ;  then  its  daily  periodic  movement  ceases ;  and 
finally  its  spontaneous  movement  is  arrested.  The  evidence 
as  to  the  effect  of  anxsthetics  is  somewhat  conflicting.  Bert 
states  that  the  spontaneous  movements  of  Mimosa  are  not 
arrested  by  chloroform  or  ether,  but  it  appears  that  by 
*'  spontaneous  niovemcnts"  he  means  the  periodic  inovcincnts 
induced  by  the  daily  variations  in  the  intensity  of  light. 
Heckel  found  that  the  spontaneous  movements  of  the  stamens 
of  Ruta  were  not  arrested  by  chloroform^  but  it  is  not  clear 
that  the  movement  of  these  stamens  belongs  to  the  category 
of  movements  of  variation ;  it  b  more  probably  a  movement 
of  growth.  On  the  other  hand  Kabsch  states  that  he  observed 
an  arrest  of  the  movement  of  the  lateral  leaflets  of  Hedy- 
sarum  under  the  influence  of  chloroform. 

The  foregoing  are  not,  however,  all  the  manifestations  of 
irritability  exhibited  by  motile  organs.  Motile  foliage-leaves 
are  sensitive  also  to  those  influences  which  determine  the 
position  of  growing  leaves,  namely,  to  the  direction  of  the 
incident  rays  of  light  and  to  gravity.  With  regard  to  the 
former,  it  has  long  been  known  that  the  motile  leaves  of 
many  Leguminosse  and  Oxalidacea:  when  exposed  to  light 
of  moderate  intensity  place  themselves  so  that  their  upper 
surfaces  are  perpendicular  to  the  direction  of  the  incident 
rays.  We  have  here  then  additional  instances  of  Diahelio- 
tropism.  When,  however,  these  leaves  are  exposed  to  bright 
sunlight  they  assume  such  a  position  that  their  surfaces  are 
parallel  to  the  direction  of  the  incident  rays.  This  move- 
ment has  long  been  known  as  the  "diurnal  sleep"  of  leaves,  and 
Darwin  terms  it  Paraheliotrofism,  This  position,  however, 
differs  widely  from  the  nocturnal  position.   Thus*  according 
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to  Darwin,  under  the  influence  of  bright  sunlight  the  leaflets  of 
Robinia  rise  up,  instead  of  sinking  down  as  they  do  at  night : 
the  leaflets  of  Amphicarpcea  mofwica  twist  so  as  to  turn  their 
edges  to  the  sun,  whereas  at  night  they  sink  down  vertically; 
those  of  Mimosa  aUfida  twist  in  a  simiiar  manner  instead  of 
enfolding  each  other  as  they  do  at  night  These  cases  are 
clearly  analogous  to  those  of  the  leaves  of  the  Compass- 
plants  and  others  which,  under  the  influence  of  full  exposure 
to  bright  sunlight,  a^--.unie,  in  the  course  of  their  growth,  a 
position  such  that  their  surfaces  are  in  a  vertical  plane 
(p,  446). 

The  sensitiveness  of  motile  leaves  to  the  action  of  gravity 
can  be  readily  observed  by  hanging  a  plant  possessing  them 
upside  down  in  the  dark.   If  this  be  done  with  Mimosa  fmUca^ 

for  instance,  it  will  be  seen  that  the  primary  petioles  raise 
themselves  so  as  to  form  an  acute  angle  with  the  inter- 
nodes  which,  in  the  normal  position,  are  below  them.  The 
primary  petioles  are  clearly  negatively  geotropic  This 
upward  movement  is  accompanied  usually  by  a  twisting 
either  of  the  primacy  or  of  the  secondary  petioles  n^cfa 
brings  the  leaflets  into  such  a  position  that  their  normally 
upper  surfaces  are  again  directed  towards  the  zenith.  The 
leaf- blade  of  Mimosa  appears,  then,  to  be  diageotropic. 
Pfeffer,  however,  does  not  accept  this  view,  but  regards  the 
twisting  which  brings  the  ieaf-blade  into  its  normal  position 
with  reference  to  the  vertical  as  a  purely  mechanical  phe- 
nomenon. The  normal  position  of  the  leaf-surfaces  is  the 
position  of  stable  equilibrium  of  the  leaf ;  when  the  leaf  is 
reversed  it  is  brought  into  a  position  of  unstable  equilibrium, 
and  the  result  is  twisting  until  the  position  of  stable  equilibrium 
is  again  obtamcd.  He  observed  in  the  case  of  a  leaf  of 
Phaseolus  that,  the  plant  lying  horizontally,  there  is  no 
torsion  of  the  petiole  when  the  lamina  is  cut  off>  but  that 
torsion  at  once  ensues  when  the  lamina  is  replaced  by  a  piece 
of  paper  of  about  the  same  weight  The  views  held  with 
regard  to  the  diagcotropism  of  motile  leaves  stand  in  the 
same  relation  to  each  other  as  those  respecting  that  of  grow- 
ing dorsiventral  organs  (p.  473)1  and  all  that  can  be  said  is 
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that  more  experimental  evidence  must  be  forthcoming  before 
it  is  possible  to  decide  between  them. 

In  conclusion,  the  general  mechanism  of  the  movements 
of  variation  may  be  briefly  alluded  to.  The  fundamental 
fact  to  be  apprehended  is  this,  that  all  these  movements 
depend  upon  variations  in  the  turgidity  of  the  cells  of  the 
motiic  organs.  When  the  organ  simply  shortens,  as  in  the 
case  of  the  stamens  of  the  Cynareae,  it  is  because  the  turgidity 
of  all  the  cells  has  diminished.  When  the  organ  performs  an 
up  and  down  movement,  as  is  the  case,  for  instance,  in  motile 
foliage-leaves^  it  is  because  the  relative  turgidity  of  the  upper 
and  lower  halves  of  the  pulvlnus  varies ;  when  the  organ 
moves  up,  the  lower  half  of  the  pulvinus  is  more  turgid  liian 
the  upper,  and  conversely,  when  it  moves  down,  the  upper  is 
more  turgid  than  the  lower.  The  details  of  the  mechanism 
will  form  the  subject  of  the  next  lecture. 
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IRRITABIUTY  {corUinued), 

The  MecJianism  of  tJte  MovemcniSn 

We  have  now  concluded  our  description  of  the  move- 
ments of  plants,  whether  spontaneous  or  induced,  whether 
performed  by  mature  or  by  growing  organs.  In  the  course 
of  the  description  the  mechanism  of  the  movements  has  been 
incidentally  alluded  to,  but  now  it  will  be  fully  discussed, 
though  some  portion  of  this  lecture  will  be  devoted  to  the 
consideration  of  the  biolof^ical  significance  of  the  movements 
and  of  the  peculiar  forms  of  irritability  of  which  they  are  the 
expression. 

With  regard  to  the  mechanism  of  the  movements  of  loco- 
motion of  motile  organisms,  with  which  we  will  begin,  all 
that  can  be  said  is  that  whether  the  movement  be  amoeboid 

or  ciliar}'-,  it  depends  upon  that  fundamental  property  of 
protopla.sm  which  was  mentioned  in  the  first  lecture,  namely 
contractility.  What  contractility  really  is  we  do  not  know; 
all  that  we  know  are  the  manifestations  of  it  It  must  be 
borne  in  mind  that  our  conception  of  this  property  of  proto- 
plasm, and  the  very  name  we  give  it,  is  based  upon  the 
phenomena  presented  by  the  most  highly  differentiated  con- 
tractile protoplasm,  the  striated  muscular  fibre  of  animals. 
The  fibre,  on  stimulation,  shortens,  and  at  the  same  time 
thickens  to  about  an  equal  extent;  hence  it  is  said  to 
contract  But  it  must  not  be  assumed  that  the  effect  of 
stimulation  upon  all  forms  of  contractile  protoplasm  will 
be  precisely  this,  nor  must  we  limit  the  term  contraction 
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merely  to  this  particular  phenomenon.  The  throwti^  out 
of  a  pseudopodium  by  an  amoeboid  zoospore,  the  formatioB 

of  a  protuberance  of  the  ectoplasm  into  which  the  more  fluid 
cndoplasm  is,  as  it  were,  sucked,  is  a  phenomenon  of  con- 
traction. So  is  also  the  lashing  of  a  cilium  whether,  as  some 
suppose^  the  contraction  takes  place  in  the  cilium  itself,  or»  as 
others  suggest,  in  the  cell  bearing  it. 

Little  as  we  know  about  the  mechanism  of  the  looo- 
motory  movements  of  ciliated  or  amoeboid  organisms^  we 
know  even  less  as  to  the  mechanism  of  the  streaming-move- 
ment ui  piuloplasm.  It  appears  to  be  allied  to  the  ;uiii  eboid 
movement,  and,  like  that,  to  be  a  manifestation  of  con- 
tractility. 

The  phenomena  presented  by  contractile  vacuoles  are  of 
great  physiological  interest,  though  their  mechanism  is  im- 
perfectly understood.  With  regard  to  the  sudden  s3retole,  it 

is  not  clear  whether  it  is  due  to  an  active  contraction  of  the 
protoplasni,  nr  merely  to  elastic  recoil ;  but  it  seems  probable 
that  the  former  is  the  case,  for  Cohn  has  observed  that  the 
vacuoles  of  Gonium  and  Chlamydomonas  remain  as  clear 
spaces  when  the  zoospores  are  mounted  in  glycerin,  under 
conditions,  that  is,  which  render  any  pressure  of  the  con^ 
tained  liquid  on  the  wall  impossiUe. 

We  come  now  to  the  movements  of  organs  consisting  of 
one  or  more  cclLs  clothed  with  a  ccU-wall.  The  sLrucuire  of 
the  cell  or  cells  concerned  in  the  movement  is  that  whidi  has 
already  been  described  more  than  once :  there  is,  namely,  an 
extensible  and  elastic  cell-wall,  lined  by  a  layer  of  proto- 
plasm, enclosing  a  vacuole  filled  with  celi-sap,  and  we  have 
to  ascertain  how  a  movement  can  be  performed  by  such  an 
organ. 

We  will  begin  with  instances  of  movement  which  admit 
of  direct  observation,  and  will  then  pass  to  others  which, 
from  tlie  nature  of  the  case,  cannot  be  so  readily  investi- 
gated. Such  instances  are  afforded  by  the  movements  per* 
formed  by  mature  organs  in  response  to  a  mechanical  or 
electrical  stimulus.  It  was  pointed  out  in  the  last  lecture 
(p.  545)  that  the  effect  of  stimulation  on  the  stamens  of  the 
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Cynareae  fs  to  cause  shortening  of  the  filament.  The  move- 
ment of  the  filament  on  stimulation  bears  a  superficial  re- 
semblance to  the  contraction  of  a  muscular  fibre,  but  it  is 
in  reality  an  altogether  different  process.  The  contraction 
of  a  muscular  fibre  is  accompanied,  as  mentioned  above,  by 
a  thickening,  so  that  the  total  bulk  of  the  fibre  is  not  per- 
ceptibly altered  ;  but  the  shuitenin*^  of  the  staininal  filament 
is,  rts  Pfeffcr  has  clearly  shewn,  unaccompanied  by  any  ap- 
preciable thickening,  so  that  tlie  bulk  of  the  filament  is  con- 
siderably diminished,  and  is  not  due,  as  linger  thought, 
merely  to  a  change  in  form  of  the  cells.  Pfeffer  has  ascer- 
tained that  the  diminution  in  bulk  of  the  filament  as  a  whole 
is  the  result  of  the  diminution  in  volume  of  its  constituent 
parenchymatous  cells.  Each  cell,  on  stimulation,  parts  with 
a  portion  of  the  water  which  it  contains,  so  that  from  being 
turgid  it  becomes  flaccid ;  and,  inasmuch  as  the  cells  are 
scarcely  at  all  expanded  in  the  tangential  direction,  the  effect 
of  the  loss  of  water  is  to  cause  them  to  shorten.  Hie  escape 
of  water,  on  shortening,  from  the  parenchymatous  cells  into 
the  intercellular  spaees,  is  not  infreq  uently  manifested  by 
the  appear cince  of  a  drop  of  water  at  the  cut  surface  of  a 
filament,  an  effect  which  is  always  produced  when  the  inter- 
cellular spaces  of  the  filament  have  been  previously  injected 
with  water  The  mechanism  of  the  movement  is  then  this : 
when  the  filament  is  at  rest  the  celb  are  turgid,  and  their 
elastic  cell-walls  are  on  the  stretch;  on  stimulation  the  escape 
of  water  from  the  cells  is  rendered  possible,  and  the  cells 
consequently  become  relatively  flaccid  and  shorten. 

In  the  other  cases  of  movement  induced  by  mechanical 
or  electrical  stimulation,  one  side  only  of  the  organ  is  af- 
fected ;  the  result  is  that,  instead  of  a  shortening  of  the  whole 
organ,  an  up  or  down  movement  is  performed;  but  the 
mechanism  is  essentially  the  same.  Thus,  in  the  case  of  the 
stamens  of  Berberis,  it  is  the  upper  or  inner  surface  of  the 
filament  which  alone  is  irritable,  and  it  is  the  corresponding 
half  of  it  which  loses  its  turgidity  on  stimulation.  The 
mechanbm  of  the  movement  is  briefly  this:  the  turgidity 
of  the  cells  of  the  inner  longitudinal  half  of  the  filament 
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being  suddenly  abolished,  there  is  nothing  to  oppose  the 
ptessure  exercised  by  tJie  turgid  cells  of  the  outer  Iongi<> 

tudinal  half,  consequently  the  filament  moves  upwards  and 
inwards.  In  this  case  also  there  is  evidence  that  the  irritable 
cells  give  up  water  on  stimulation,  for  a  drop  of  water  ap- 
pears at  the  cut  surface  of  a  hiament,  though,  inasmuch  as 
there  are  no  intercellular  spaces  it  is  not  clear  how  exactly 
the  water  travels. 

The  mechanism  of  die  movements  of  the  leaf  of  Mitnata 
pudka  on  stimulation  is  essentially  the  same  as  that  of  the 
stamens  of  Berberis.  With  regard  first  to  the  movement  of 
the  primary  petiole.  From  his  observation  that  when  he 
removed  the  lower  half  of  the  pulvinus  the  petiole  remained 
durected  almost  vertically  downwards,  Lindsay  concluded 
that  the  depression  of  the  petiole  on  stimulation  is  due  to 
an  Increase  of  the  pressure  of  the  upper  half.  This  conclu- 
sion, which  was  held  also  by  Dutrochet  and  by  Burnett  and 
Mayo,  was  shewn  by  Briickc  to  be  erroneous.  It  is  clear 
that  if  Lindsay's  view  be  correct,  stimulation  of  the  pulvinus 
must  be  accompanied  by  an  increased  turgidity  <>f  cclls^ 
and  therefore  also  by  an  increased  rigidity'  of  the  whole 
organ.  BrUdce's  observations,  however,  clearly  prove  that 
this  is  not  the  case.  He  found,  namely,  that,  on  stimulation, 
the  rigidity  of  the  pulvinus  is  markedly  diminished,  tfiat 
stimulation  induces  flaccidity  and  not  turL;idit\-,  and  lliat 
therefore  the  fall  of  the  petiole  which  follows  on  stimulation 
of  its  pulvinus  is  due,  not  to  an  increase  of  tlie  downward 
pressure  of  the  upper  half  of  the  organ,  but  to  the  abolition  of 
the  tufgidity,  and  with  it  the  upward  pressure,  of  the  lower 
half  of  the  organ. 

Briicke's  method  of  estimating  the  rig^idity  of  the  pulvini  has  been  so 
universally  adopted  in  experiments  with  Mimosa  that  it  is  important  to 
describe  it.  The  plant  is  placed  in  such  a  position  that  the  petiole  to  be 
observed  is  horizontal,  and  then  the  an^^lc  is  measured  which  the  petiole 
in  ikes  with  the  internode  below  its  insertion.  The  plant  is  lliLii  lurned 
upsidc  down,  the  petiole  under  observation  is  again  brought  into  a 
horizon lal  position,  and  the  angle  which  it  now  makes  with  the  same 
internode  is  measured.  Inasmuch  as  the  pulvinus  is  not  perfectly  rigid 
the  two  angles  are  not  the  same ;  the  difference  between  them  indicates 
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the  exlent  to  wfaicli  the  palvintis  is  flaccid,  so  that  calling  the  angles 
respectively  «  and  a^,  being  greater  than  a,  the  flacctdity  of  the  pulvi- 
ntts  Is  represented  hy  a^-a,  If  now  the  same  measurements  be  made 
after  stimulation,  it  will  be  found  that  the  difference  between  the  two 
angles,  which  we  may  now  tenn  fi  and  respectively,  is  greater  than 
that  between  a  and  a,,  that  is^  that  the  fiacddi^  of  the  pulvinus  has  in- 
•  creased.  The  following  Is  an  example  of  Briiche's  ob8ervation& 


With  regard  to  the  nature  of  the  changes  induced  in  the 
cells  of  the  lower  half  of  the  pulvinus,  Lindsay  observed  that, 
on  stimulation,  this  portion  of  the  organ  assumes  a  deeper 
colour,  Briicke  suggested  that  this  change  of  colour  is  due 
to  a  replacement  of  the  air  in  the  intercellular  spaces  by 
water  which  has  been  driven  out  of  the  irritable  cells,  a  view 
which  is  fully  confirmed  by  Pfeffer  who  has  further  observed 
that,  on  stimulating  the  pulvinus  of  a  petiole  which  has  been 
cut  off  short,  an  escape  of  water  at  the  cut  surface  may  be 
observed  under  appropriate  conditions.  Further  evidence,  if 
any  is  needed,  that  currents  of  water  are  set  in  motion  in  the 
pulvinus  in  consequence  of  stimulation,  is  afforded  by  the 
electrical  phenomena,  described  In  a  previous  lecture  (p.  324), 
to  which  stimulation  gives  rise.  There  can  be  little  doubt 
that  the  positive  variation  of  the  normal  current  is  due  to 
electrical  disturbances  set  up  by  the  travelling  of  the  water 
through  the  tissue. 

The  mechanism  of  the  induced  movements  of  the  primary 
petiole  of  Mimosa  is  then  this,  that,  on  stimulation,  the  paren- 
chymatous cells  of  the  lower,  irritable,  half  of  the  pulvinus 
give  up  water,  so  that  they  become  flaccid  and  no  longer 
exercise  an  upward  pressure  ;  consequent!)'  llie  petiole  siiik.s 
down,  partly  under  the  downward  pressure  of  the  still  rela- 
tively turgid  cells  of  the  upper  half  of  the  pulvinus,  and 
partly  under  the  weight  of  the  secondary  petioles  and  leaf- 
lets. This  is  also,  mutatis  mutandis,  the  mechanism  of  the 
induced  movements  of  the  secondary  petioles  and  of  the 
leaflets,  and  probably  not  of  these  only  but  of  all  induced 
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movements  of  motile  organs  whatsoever.  Thus*  in  the  case 
of  the  leaf  of  Dionaea,  there  is  evidence  that  stimulation  sets 

up  currents  of  water.  It  was  mentioned,  when  \vc  were  cli>- 
cii^-iii-  the  electrical  phenomena  presented  by  plants,  that 
stimulation  of  the  leaf  of  Dion.xa  is  followed  by  a  well- 
marked  positive  variation  of  the  normal  electrical  condition 
of  the  upper  and  lower  surfaces  of  the  leaf,  which  indicates 
that  currents  of  water  are  travelling  from  the  upper  towards 
the  lower  surface.  It  is  worthy  of  note  that  this  electrical 
disturbance  is  not  dependent  upon  the  actual  movement,  but 
only  on  stimulation  :  it  is  well  marked  when  tile  stimulated 
leaf  is  mechanically  prevented  from  moving. 

Such  being  the  effect  on  the  motile  organ  of  the  action 
of  a  stimulus,  the  process  of  recovery  must  consist  in  the 
restoration  of  the  turgidity  of  the  flaccid  cells  by  the  absorp- 
tion of  water,  accompanied  by  a  gradual  assumption  of  the 
position  occupied  before  stimulation.  The  process  of  re- 
covery is  slow  and  gradual,  as  may  be  easily  observed  by 
stimulating  a  leaf  of  Mimosa  and  noting  the  time  which 
elapses  before  it  regains  its  original  position.  In  the  case  of 
the  primary  petiole  it  will  be  observed  that  the  upward  move* 
ment  begins  almost  immediately  after  the  fall  on  stimula- 
tion, and  that  the  time  occupied  in  regaining  the  normal 
position  is  abcnit  twenty  or  twcnt}'-rive  minutes. 

In  endcavourinc^  to  penetrate  into  the  intimate  mecharii>ra 
of  the  movements  of  variation,  the  question  which  at  once 
arises  is  as  to  how  exactly  the  sudden  abolition  of  the  tur- 
gidity of  the  irritable  cells  which  stimulation  induces  is 
brought  about,  and  here  we  find  ourselves  face  to  face  with 
the  real  difficulty  of  the  subject.  Let  us  call  to  mind  what 
the  factors  of  the  turgid  condition  are,  and  tfien  endeavour  to 
determine  whicli  of  them  is  affected  on  stimulation.  The 
factors,  as  we  learned  in  a  previous  lecture  (p.  42  ),  arc  three  : 
the  osmoticaily  active  substances  in  the  cell-sap:  the  elas- 
ticity of  the  cell-wall :  the  resistance  to  the  escape  of  the  cell- 
sap  offered  by  the  layer  of  protoplasm  lining  the  cell-wall. 

Taking,  now,  these  factors  one  by  one,  if  we  assume  that 
the  stimulus  aflects  the  first  of  them,  we  must  conceive,  as 
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Pieffcr  suggests,  that  the  osmotically  active  substances  are 
destroyedi  or  that  they  are  converted  into  substances  of  lower 
osmotic  activity,  and  that  the  attraction  by  which  the  water 
is  held  in  the  vacuole  being  thus  diminished,  a  portion  of  the 
water  of  the  cell-sap  is  forced  out  by  the  pressure  of  the 
clastic  Cull  w.ili.    Such  a  conception  is  not,  however,  easy  of 
comprehension.    The  escape  of  liquid  from  a  cell  by  filtra- 
tion under  pressure  has  surely  nothing  to  do  w  ith  the  osmotic 
properties  of  the  liquid.   Were  the  escape  of  the  liquid  from 
the  cell  due  to  osmosis,  were  it  attracted  into  other  cells,  then 
such  a  change  in  the  quantity  or  quality  of  the  osmotically 
active  substances  would  render  possible  the  removal  of  a 
portion  of  it.    But  this  is  not  so.    The  liquid,  in  most  cases 
at  least,  escapes  by  filtration  under  pressure  into  the  inter- 
cellular spaces  which  contain  air.   The  retention  of  the  liquid 
in  the  vacuole,  or  its  escape  from  it,  whatever  the  osmotic 
properties  of  the  liquid  may  be,  is  simply  dependent  on  the 
relation  between  the  pressure  of  the  elastic  cell- wall  on  the 
one  hand,  and  the  resistance  to  filtration  under  pressure 
oftered  by  tlie  primordial  utricle  on  the  other.    It  is  easy  to 
understand  that,  owing  to  the  high  osmotic  activity  of  sub- 
stances in  the  celUsap,  so  much  water  may  be  absorbed  into 
a  cell  that  the  pressure  of  the  cell-wall  may  exceed  the  re- 
sistance to  filtration  offered  by  the  primordial  utricle,  and 
so  an  escape  of  a  portion  of  the  cell-sap  takes  place ;  this 
occurs,  as  a  matter  of  fact,  in  the  parenchymatous  cells  of 
roots  when  absorption  is  active  (p.  94) ;  but  it  is  not  possible 
to  realise  how  a  diminution  in  the  attraction  of  the  cell-sap 
for  water  can  bring  about  this  result   This  conception  in- 
volves the  further  assumption  that  the  liquid  which  escapes 
from  the  cells  of  a  stimulated  motile  organ  is  pure  water,  an 
assumption  which  is  not  justified  by  the  evidence.  rfclVcr 
makes  it  on  the  ground  that  a  stamen  injected  with  water 
and  lying  in  water  regains  its  turgid  irritable  condition  on 
being  stimulated,  aiguing  that  had  any  osmotically  active 
substances  been  given  out  by  the  cells  on  shortening  they 
must  have  been  removed  by  the  surrounding  water,  and  that, 
had  they  been  so  removed,  the  recovery  of  turgidity  would 
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liave  been  impossible.    There  is,  on  the  face  of  it,  no  reason  ' 
whatever  to  believe  that  when  a  portion  of  the  cell-sap  of  a 
ceil  is  forced  out  of  it  by  pressure,  that  that  portion  should 
consist  of  pure  water,  and  as  to  the  fact  which  PfefTer  brings 
forward  in  support  of  his  view,  It  may  be  equally  well  ac* 
counted  for  by  the  assumption  that  osmotically  active  sub- 
stances may  have  been  formed  in  sufficient  quantity  in  the 
cells  to  make  good  Ihc  loss  and  to  restore  the  cells  to  their  ! 
turgid  condition.    Tn  fact,  there  is  some  reason  to  believe 
that  one  of  the  effects  of  stimulation  is  to  lead  to  the  forma- 
tion of  osmotically  active  substances.    From  these  consider- 
ations it  is  clear  that  the  case  has  not  been  made  out  in 
favour  of  the  view  that  the  effect  of  stimulation  on  a  motile  ' 
organ  Is  to  destroy  the  osmotically  active  substances  in  the 
sap  of  its  cells,  or  to  diminish  their  osmotic  activity. 

If  we  assume,  now,  that  the  effect  of  stimulation  is  to 
lead  to  an  increase  of  the  pressure  of  tlie  cell-wall  upon  the 
cell-contents,  it  is  clear  that  can  only  be  brought  about  by  an 
increase  in  the  rigidity  of  the  cell-wall.  Such  a  suggestion  is. 
In  itself,  improbable,  and  It  Is  at  once  put  out  of  the  question 
by  PfefTer^s  observation  that,  in  the  case  of  the  stamens  of 
the  Cynareae,  the  extensibility  of  the  cell-walls  is  the  same 
in  both  the  expanded  and  contracted  states  of  the  filament 

Since  the  action  of  the  stimukis  is  not  to  be  traced  either 
to  the  liquid  cell-contents  or  to  the  cell-wall,  we  can  only 
assume  that  it  is  the  protoplasm  which  is  affected,  an  as- 
sumption which,  considering  that  the  irritability  of  proto- 
plasm Is  a  well-established  fact,  is  by  no  means  hazardous. 
We  have  then  to  ascertain  if  any  changes  are  induced  in  the 
protoplasm  of  the  ceils  of  a  motile  organ  by  stimulation, 
and,  if  so,  what  the  nature  of  these  changes  may  be. 

No  visible  changes  have  been  described  as  taking  place 
In  the  protoplasm  of  the  ceils  of  any  of  the  motile  oigans 
which  we  have  been  considering,  but  such  changes  have 
been  described  as  taking  place  In  the  cells  of  the  tentacles 
of  Drosera.  Attention  was  first  drawn  to  this  subject  by 
Darwin,  who  designated  by  the  term  "  aggrcgaliun "  the 
changes  induced  in  these  cells  by  mechanical  or  chemical 
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stimulatfon,  and  who  described  it  as  follows:  ''the  cells, 
instead  of  being  filled  with  homogeneous  purple  fluid,  now 
contain  variously  shaped  masses  of  purple  matter,  suspended 
in  a  colourless  or  almost  colourless  fluid."   Darwin  came  to 

the  conclusion  LliaL  the  .**  nuisses  of  purple  matter"  consist  of 
protoplasm,  a  view  which,  thou^^h  rejected  by  Cohn,  who 
considered  that  these  bodies  consisted  of  cell-sap,  was  re- 
asserted by  F.  Darwin.    Schimpers  obscnations,  and  those 
of  Gardiner,  place  it  beyond  doubt  that  Cohn's  view  is  the 
correct  one.   From  Gaidiner^s  observations  it  appears  that 
the  process  of  aggregation  takes  place  in  the  following  man* 
ner:  the  colourless  protoplasm  swells  up  very  considerably 
by  taking  up  water  from  the  cell-sap,  and,  in  consequence  of 
this  removal  of  a  portion  of  its  water,  the  tint  of  the  ceil-sap 
becomes  deeper :  then  the  rate  of  rotation  of  the  protoplasm 
becomes  much  more  rapid,  with  wave-like  elevations  making 
their  appearance  on  the  internal  free  surface  of  the  endoplasm ; 
this  leads  to  a  churning  up,  as  it  were,  of  the  cell-sap,  which 
becomes  distributed  in  drops  of  various  form  throughout  the 
protoplasm,  these  drops  subsequently  becoming  rounded  as 
the  rate  of  rotation  diminishes.    This  chancre  in  the  condition 
of  the  protoplasm  of  its  cells  is  accompanied,  as  Darwin 
ascertained,  by  flaccidity  of  the  tentacle,  so  that  probably 
water  escapes  from  the  cells  in  the  process  of  aggregation. 

Gardiner  has  observed  in  the  stalk-cells  of  the  teatack  of  Droaera 
and  in  the  mesophyll-cdls  of  Dionca  a  spindle-shaped  or  adcular  body 
which  he  terms  the  fhutoid  or  rhabdouU  It  i^pears  to  be  protoplasmic^ 
and,  in  the  resting  state  of  the  cells,  it  stretches  diagonally  across  the 
cdl,  its  two  ends  being  embedded  in  the  protoplasm.  When  the  tentacle 
is  stimulated,  this  body  tends  to  become  spherical  This  change  in  form 
of  the  ihabdoid  does  not  take  place  when  the  cell  is  plasmolysed.  It  is 
not  dear  what  the  significance  of  this  body  is,  hut  it  dearly  afibids  an 
indication  of  the  state  of  the  protoplasm.  From  the  behaviour  of  the 
rhabdoid  it  appears  that  stimulation  induces  a  change  in  the  protoplasm 
which  leads  to  a  diminished  turgidity  ;  but  that  this  change  is  not  induced 
when  the  turgidity  of  the  cell  is  diminished  by  plasmolysis,  for  then  the 
ihabdoid  does  not  change  its  form. 

The  tentacles  of  Drosera  afford  us,  then,  an  instance  of  a 
loss  of  turgidity  which  is  brought  about  by  changes  in  the 
protoplasm  of  the  cells.    But  we  have  yet  to  determine 
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whether  or  not  there  exists  any  relation  between  these 
changes  in  the  protoplasm  of  the  stalk*cells  and  the  move- 
ment of  the  tentacle,  that  is,  whether  or  not  the  occurrence 
of  aggregation  in  the  stalk-cells  is  an  essential  condition 

of  the  inflexion  of  the  tentacle.  Darwin,  it  is  true,  states 
definitel  v  tliat  a[;gregation  may  take  place  w  ithout  inflexion ; 
but  naturally  no  movement  can  take  place,  except  a  shorten- 
ing like  that  of  the  filaments  of  the  Cynarex,  if  all  the 
cells  of  the  tentacle  undergo  aggregation  simultaneously. 
He  does  not,  however^  express  himself  definitely  as  to  the 
possibility  of  inflexion  without  aggregation,  though  he  inci- 
dentally mentions,  when  speaking  of  the  action  of  acids  on 
the  tentacles,  that  they  caused  the  tentacles  to  bend  without 
causing  true  aggregation.  Much  importance  cannot  be  at- 
tached to  this  observation,  inasmuch  as  most  of  the  adds 
used  proved  to  be  highly  poisonous  to  the  plant  From 
Gardinei^s  observations  it  appears  that  the  inflexion  of  the 
tentacle  on  stimulation  is  due  to  the  occurrence  of  aggre- 
gation in  the  cells  of  the  concave  side,  that  is,  to  the  abolition 
of  their  turgidity. 

Without  going  so  far  as  to  assert  that  a  process  of  ag- 
gregation, identical  with  that  induced  in  the  cells  of  the 
tentacles  of  Drosera,  takes  place  in  the  ceils  of  every  motile 
organ  when  it  is  stimulated,  we  may  reasonably  infer  that 
the  protoplasm  In  the  cells  of  these  organs  undergoes  some 
molecular  change,  and  in  view  of  the  mechanism  of  the  move- 
ments, it  seems  probable  that  the  effect  of  this  molecular 
change  is  to  diminish  the  resistance  which  the  protoplasm 
offers  to  the  escape  of  the  cell-sap  by  filtration  under  pres- 
sure. It  is  a  further  question,  and  one  which  it  is  at  present 
impossible  to  decide,  whether  or  not  the  protoplasm,  whibt 
thus  becoming  permeable,  actually  contracts  upon  its  con- 
tents, like  the  wall  o  f  a  contractile  vacuole.  It  is  not  neces- 
sary, for  the  purpose  of  explaining  the  sudden  loss  of  tur- 
gidity in  the  stimulated  cells,  to  assume  that  the  water  is 
forced  out  by  an  active  contraction  of  the  primordial  utricle, 
for  the  pressure  of  the  stretched  elastic  cell-wall  is  sufficient 
for  the  purpose^  But  it  is  worth  while  to  bear  in  mind  that 
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such  a  contraction  may  take  place.    Saclis  has  drawn  atten- 
tion to  a  case  which  tends  to  cstablisii  the  possibility  of  a 
simultaneous  increase  of  the  permeability  and  a  contraction 
of  the  protoplasm,  namely,  the  cells  of  Spirogyra.   As  a  pre- 
liminary to  con  j  negation  the  primordial  utricle  of  one  of  these 
cells  contracts  away  from  the  cell-wall,  and,  since  it  now 
encloses  a  much  smaller  space  than  it  did  before  contraction, 
it  is  clear  that,  during  contraction,  a  portion  of  the  cell-sap 
must  have  escaped  through  it 

But  whether  or  not  it  be  admitted  that  the  protoplasm  of 
the  cells  of  a  motile  organ  actually  contracts,  in  the  strict 
sense  of  the  word,  in  response  to  a  stimulus,  we  cannot  but 
rci^ard  the  chaii^^c,  whatever  it  may  be,  which  the  protoplasm 
undergoes,  as  a  manifestation  of  that  fundamental  property 
of  protoplasm  which,  in  the  first  lecture,  we  termed  con- 
tractility.  It  is,  like  the  contraction  of  muscular  fibre,  a 
molecular  change  accompanied  by  electrical  and  thermal 
phenomena  which  indicate  an  evolution  of  energy  on  the 
explosive  decompositicMi  of  some  complex  substance;  for  we 
learned  in  a  previous  lecture  (p.  324)  that  when  the  pulvinus 
of  Mimosa  or  the  leaf  of  Dionc-ea  is  stimulated,  there  is  a 
distinct  negative  variation  of  the  normal  electrical  current 
as  there  is  when  a  striated  muscle  is  stimulated ;  and  again 
(p.  312)  that  the  movement  of  the  petiole  of  Mimosa  is 
accompanied  by  a  rise  of  temperature,  just;  as  is  the  contrac- 
tion of  a  muscular  fibre. 

We  will  now  briefly  consider  the  recovery  of  the  turgid 
condition  of  the  cell  from  this  point  of  view.  The  first  step 
will  be  the  restitution  of  that  condition  of  the  protoplasm  In 
which  it  prevents  the  escape  of  the  celUsap  by  filtration  under 
the  pressure  of  the  cell-wall,  the  next,  the  absorption  of  water 
into  the  \  .icuole.  It  is  not  improbable  that,  in  the  chemical 
decomposition  to  which  we  have  alluded  as  taking;  place  in 
the  cell  on  stimulation,  osmoticaliy  active  substances,  such  as 
organic  acids,  are  formed  which  promote  the  absorption  of 
water  in  the  process  of  recovery.  Whether  or  not.  the  pro- 
toplasm actively  expands,  or  is  simply  passively  distended  in 
consequence  of  the  absorption  of  water,  is  a  question  which 
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cannot  at  present  be  decided,  any  more  than  the  question, 
alluded  to  above,  as  to  whether  or  not  the  protoplasm  actively 
contracts  on  stimulation.  In  any  case  the  protoplasm  is  not 
wholly  passive  in  the  process  of  recovety.  The  restoration  oC 
its  resistance  to  the  filtration  of  the  cell-sap  under  pressure  is. 
like  the  loss  of  it,  an  active  process,  and  is  doubtless  de- 
pendent upon  molecular  changes,  of  a  nutritive  nature,  going 
on  within  it. 

Taking  all  these  facts  and  inferences  into  consideration, 
we  come  to  the  conclusion  that  the  variations  of  tuigidity 
upon  which  movement  in  response  to  a  stimulus  depends,  are 
to  be  attributed  to  molecular  changes  in  the  protoplasm  of 
the  cella   We  may  accept  Cohn's  dictum  that  "the  living 
protoplasmic   sub  laiiLC,  the  primordial  utricle,  is  the  es- 
sentially contractile  i>ortion  of  the  cell,"  but  \ve  are  not 
justified  in  following  him  when  he  compares  the  motile  cells 
of  the  hlaments  of  the  Cynareae  to  unstriated  muscular  fibres^ 
and  says  that  "now  we  know  plants  which  (so  to  speak) 
actually  possess  muscles.**   We  do  not  know  whether  or  not 
the  protoplasm  of  these  motile  cells  contracts  actively  like  a 
muscular  fibre ;  all  that  the  facts  before  us  tend  to  establish 
is  that  the  state  of  aggregation  of  the  protoplasm  varies  so 
as  to  lead  to  corresponding  variations  in  its  resistance  to  the 
escape  of  the  cell-sap  by  filtration  under  pressure.  This  being 
so,  it  will  be  perhaps  well,  in  speaking  of  these  phenomena,  to 
use^  not  the  term  contractility,  but  the  term  motility,  sug- 
gested in  a  previous  lecture  (p.  372). 

We  may  now  take  up  the  consideration  of  the  daily  periodic 
movements  of  motile  organs,  taking  Mijnosa  pudica  as  our 
illustrative  case.  With  regard  to  the  primary  petiole,  we 
learned  in  the  previous  lecture  (p.  543)  that  it  has  no  pcoper 
nyctitfopic  movement,  that  the  fall  at  night  is  not  the  re> 
sponse  to  the  diminution  in  the  intensity  of  the  light,  but  is 
the  mechanical  effect  of  the  nyctitropic  change  in  position  of 
the  secondary  petioles  and  leaflets.  It  might  be  thought  that 
the  fall  of  the  primary  petiole  in  the  evening  is  to  be  ascribed 
to  the  stimulating  influence  of  the  diminution  in  the  intensity 
of  the  light,  inasmuch  as  the  position  then  assumed  bears  a 
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superficial  resemblance  to  that  which  they  take  up  when  stimu- 
lated mechanically,  but  Briicke's  observations  shew  that  the 
condition  of  the  pulvinus  is  entirely  different  in  the  two  cases. 
In  the  first  place,  when  the  petiole  has  sunk  in  the  evening,  it 
is  still  irritable  and  will  sink  sttU  lower  on  stimulation,  and 
secondly,  the  rigidit)  of  tlic  pulvinus  is  well-marked,  whereas, 
when  the  petiole  has  sunk  in  consequence  of  stimulation,  it 
will  not  sink  lower  on  further  stimulation,  and  the  rigidity  of 
the  pulvinus  is  much  diminished.  But  we  also  learned  in  the 
last  lecture  that  the  primary  petiole  has  a  daily  periodic 
movement,  and  we  will  now  endeavour  to  understand  the 
mechanism  of  it  Brilcke  ascertained  that  the  rigidity  of  the 
pulvinus  is  less  during  tlie  day  than  during  llic  night,  and  it 
might  be  concluded  from  this  that  the  gradual  fall  of  the 
petiole  during  the  afternoon  is  simply  to  be  attributed  to 
the  diminished  rigidity  and  the  rise  during  the  night  to 
the  increased  rigidity  of  the  pulvinus.  But  Pfeffer's  observa- 
tions on  the  pulvinus  of  Fhaseolus,  and  we  may  infer  that 
what  is  true  in  this  case  holds  good  in  the  case  of  Mimosa, 
shew  that  this  is  not  the  case.  He  found,  namely,  that  when 
either  the  uij  <  r  or  the  lower  half  of  the  pulvinus  was  re- 
moved, the  petiole  rose  during  the  night  and  sank  during  the 
day-time.  The  significance  of  these  facts  is  this,  that,  the  fall 
of  the  petiole  during  the  day  is  due  to  the  diminishing  tur- 
gidity  of  the  cells  of  the  lower  half  of  the  pulvinus  and  to 
the  increasing  turgidity  of  those  of  the  upper  half;  and  con- 
versely, that  the  rise  of  the  petiole  during  the  night  is  due 
to  the  increasing  turgidity  of  the  cells  of  the  lower  half  of 
the  pulvinus  and  to  the  diminishing  turgidity  of  those  of  the 
upper  half.  Inasmuch  as  the  rigidity  of  the  pulvinus  is  less 
during  the  day-time  than  it  is  at  night,  we  conclude  that  the 
turgidity  in  the  lower  half  of  the  pulvinus  during  the  day  is 
less  than  the  gain  in  the  upper  half,  and  conversely,  that  the 
gain  of  turgidity  in  the  lower  half  during  the  night  is  more 
considerable  th  in  the  loss  in  the  upper  half.  Clearly,  then, 
the  daily  periodic  movement  of  the  petiole  is  not  due  to 
uniform  variations  taking  place  simultaneously  in  all  the 
cells  of  the  pulvinus,  but  to  variations  of  an  opposite  nature 
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taking  place  simultaneously  in  Uie  cells  of  its  two  opposed 
halves. 

The  n yet i tropic  movement  of  the  leaflets  of  Mimosa  has 
been  dt^ribed  (p.  541]  as  a  folding  upwards  and  forwards  in 
pairs  at  night  The  state  of  the  pulvtnus  of  the  leaflet  in  the 
nocturnal  position  differs  from  that  of  the  pulvinus  of  the 
primary  petiole,  in  that  the  former  has  lost  its  power  of 
movement  on  stimulation  whereas  the  latter  retains  it.  The 
cells  uf  the  upper  irritable  half  of  the  pulvinus  of  the  leaflet 
pass  at  night  into  just  the  same  condition  as  that  which  is 
induced  by  a  stimulus  ;  they  are  flaccid.  Whether  or  not 
this  flaccidity  of  the  ceils  of  the  upper  half  of  the  pulvinus  is 
accompanied  by  an  increase  in  the  tufgidity  of  the  cells  of 
the  lower  half,  we  do  not  know ;  but  in  any  case  the  me* 
chanism  of  the  movement  is  this,  that,  in  the  absence  of  any 
opposition  from  the  upper  half  of  the  pulvinus,  the  leaflet  is 
raised  by  the  upward  pressure  of  the  turgid  cells  of  the  lower 
half.  A  further  peculiarity  in  the  behaviour  of  the  pulvinus 
of  the  leaflet  is  this,  that  this  relative  condition  of  the  two 
opposed  halves  is  maintained  until  morning,  when  the  tur* 
gidity  of  the  cells  of  the  upper  half  is  restored 

The  mechanism  of  the  daily  periodic  movements  of  motile 
organs  may  be  briefly  stated  as  variations  in  the  relative 
degree  of  turgidity  of  the  two  opposed  halves  of  the  pulvinus, 
variations  which,  in  accordance  with  the  conclusions  pre- 
viously arrived  at,  we  ascribe  to  variations  in  the  molecular 
structure  of  the  protoplasm  of  the  cells.  These  variations, 
moreover,  are  rhythmical,  and  are  induced  by  the  normal 
alternation  of  day  and  night.  In  endeavouring  to  explain 
the  influence  of  the  alternation  of  day  and  night  in  inducing 
these  variations,  we  must  be  careful  not  to  regard  the  effect 
as  immediate*  For  instance,  we  must  not  attempt  to  explain 
the  movements  of  the  leaflets  of  Mimosa  by  assuming  that 
the  nocturnal  flaccidity  of  the  cells  of  the  upper  half  of  the 
pulvtnus  Is  the  direct  effect  of  darkness,  and  that  the  diurnal 
turgidity  of  these  cells  is  the  direct  effect  of  light,  on  their 
protoplasm.  It  is  the  Icallct  as  a  whole  which  is  afiected  by 
the  variations  in  the  intensity  of  light  to  which  it  is  highly 
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sensitive,  and  its  response  to  these  variations  is  that  it  per- 
forms movements  of  opening  or  closing  according  to  cir- 
cumstanceSy  the  active  mechanism  of  these  movements  being, 
as  we  have  seen,  variations  in  the  turgidity  of  the  cells  of  the 
upper  half  of  the  pulvinus.     When  the  variations  in  the 
intensity  of  light  occur  periodically,  as  they  do  under  normal 
conditions,  the  response  of  the  leaflet  becomes  rh)'thmical; 
the  movements  of  opening  and  closing  are  performed  at 
definite  intervals.  And  so  deeply  does  this  rh3rthm  become 
impressed  upon  the  leaflet,  that  it  will  continue,  as  we  have 
seen,  to  perform  its  daily  periodic  movements  for  some  days 
when  kept  in  darkness. 

What  is  true  of  the  leaflet  is  true,  in  the  main,  of  the 
primary  petiole.   Because  the  cells  of  the  upper  half  of  the 
pulvinus  gain  in  turgid ity  during  the  day  and  lose  during  the 
night,  and  the  cells  of  the  lower  half  lose  during  the  day  and 
gain  during  the  night,  we  are  not  justified  in  assuming  that 
the  protophisin  of  the  cells  of  the  upper  half  reacts  differently 
from  the  protoplasm  of  the  cells  of  the  lower  half  to  variations 
in  the  intensity  of  light,  as  we  must  assume  if  we  regard  the 
protoplasm  as  being  directly  affected  by  the  variations.  Such 
an  assumption  is  altogether  inadmissible.   It  is  the  leaf  as  a 
whole  which  is  affected,  and  its  response  to  the  variations  in 
the  intensity  of  light  is  such  that  it  binks  downwards  during 
the  day  and  rises  during  the  night,  the  downward  movement 
being  effected  by  the  concomitant  increase  of  turgidity  in  the 
cells  of  the  upper  half  of  the  pulvinus  and  decrease  in  those  of 
the  lower  half,  the  upward  movement  by  the  concomitant  de* 
crease  in  the  turgidity  in  the  cells  of  the  upper  half  and 
increase  in  those  of  the  lower. 

It  is,  fVuiii  the  nature  of  the  case,  impossible  to  ascertain 
by  direct  investigation  what,  precisely,  the  mechanism  of  the 
spontaneous  movements  of  motile  organs  may  be,  but  we  may 
reasonably  infer  that  it  essentially  consists,  like  that  of  induced 
movements,  in  variations  in  the  turgidity  in  the  cells  of  one  or 
both  halves  of  the  pulvinus,  and  that  these  variations  are 
likewise  dependent  upon  molecular  chan*^es  in  the  prulo- 
plasm. 
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We  have  now  to  consider  the  efiect  of  various  external 
conditions  in  abolishing  the  irritabih'ty  or  in  arresting  the 
movements  of  motile  organs.    It  was  pointed  out  in  the  last 
lecture  (p.  548)  that  motile  oigans  which  are  irritable  to  touch 
do  not  respond  by  a  movement  to  stimulation  when  th^  have 
been  expc»ed  to  the  vapour  of  chloroform  or  ether,  or  when 
they  have  been  fatigued  by  repeated  stimulatioa    The  con- 
dition of  the  organs  under  these  circumstances  is  probably  the 
same :  their  cells,  as  Pfeffer  has  shewn,  are  fully  turgid  ;  so 
that  the  reason  w  hy  stimulation  is  not  followed  by  movement 
is  probably  the  same  in  both.   From  Bert's  observation  that 
the  daily  periodic  movements,  and  probably  also  the  spon- 
taneous movements,  of  the  leaf  of  Mimosa  are  not  arrested  by 
anaesthetics,  it  is  clear  that  the  absence  of  movement  on  stimu- 
lation is  not  to  be  attributed  to  any  interference  with  the 
motility  of  the  protoplasm  of  the  orj^.iii.^,  but  to  an  abolition 
of  their  irritability.    Now  the  manifestation  of  irritability 
depends,  as  we  have  seen  (p.  371),  in  the  presence  of  readily 
decomposable  substance,  and  secondly,  upon  the  decomposi- 
tion of  this  substance.   In  the  case  of  the  fatigued  organ,  the 
loss  of  irritability  is  to  be  attributed  to  the  absence  of  this 
readily  decomposable  substance;  in  the  case  of  the  chlonh 
formed  origan,  to  an  inhibition  of  its  decomposition.  This 
mode  of  regarding:;  the  effect  of  anaesthetics  is  supported  by 
Darwin's  observation,  which  was  mentioned  in  the  last  lecture, 
that,  after  exposure  to  the  vapour  of  ether,  the  leaf  of  Dumaa 
iHUsdpula  did  not  close  when  the  sensitive  hairs  were  touched, 
but  did  so  under  the  stronger  stimulus  of  cutting  off  the  tip  of 
the  leaf. 

It  would  appear,  though  the  data  arc  scanty,  tluiL  the  loss 
of  the  power  of  movement  which,  as  we  have  seen,  is  induced 
when  the  supply  of  free  oxygen  to  the  motile  organ  is  cut  off, 
is  due  to  the  same  cause  as  the  effect  of  anaesthetics.  Thus 
Kabsch  observed  that  a  leaf  of  Mimosa  in  vacua^  which  did 
not  move  when  touched,  moved  under  the  stronger  stimulus  of 
an  electric  shock. 

It  was  further  stated  in  the  last  lecture  that  the  movements 
of  motile  organs  are  arrested  by  such  conditions  as  drought, 
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extremes  of  heat  and  cold,  and,  in  the  case  of  oilcans  contain* 

ing*  chlorophyll,  long-continued  darkness,  and  that  in  the  case 
of  Mimosa pndica,  the  first  effect  upon  the  leaves  is  to  deprive 
them  of  their  irritability  to  stimulation ;  then  the  daily 
periodic  movements  cease,  and  finally  the  spontaneous  move- 
menta  The  position  which  the  leaves  assume  when  all  move- 
ment is  at  an  end,  indicates  that  the  pulvini  are  in  a  state  of 
imperfect  turgidity,  though  unfortunately  we  have  no  deter- 
minations by  Briicke's  method  of  the  rigidity  of  the  pulvini  in 
the  im motile  condition.  In  accordance  with  our  views  as  to 
the  intimate  mechanism  of  the  movements  of  tlicse  organs,  we 
attribute  the  immotilc  condition  of  the  pulvini  to  a  destruction 
of  the  motility  of  the  protoplasm. 

We  now  leave  the  mature  motile  organs,  and  pass  to  the 
consideration  of  the  mechanism  of  the  movements  of  growing 
organs,  of  the  "  auxotontc  *'  movements,  to  use  de  Vries'  term. 
The  mechanism  of  growth  we  have  learned  to  be  this  (p.  334), 
that  the  cell  is  expanded  by  the  hydrostatic  pressure  of  the 
cell-sap,  and  that  this  expansion  is  rendered  permanent  by 
deposition  of  substance;  In  view  of  the  facts  with  which  we 
have  already  become  acquainted,  there  can  be  no  doubt  as 
to  the  importance  of  the  absorption  of  water  in  bringing 
about  the  expansion  of  the  cell.  But  it  is  a  question  whether 
or  not  this  simply  mechanical  explanation  of  the  expansion 
of  growing  cells  is  really  adequate ;  for  it  is  quite  possible 
that  the  protoplasm  takes  an  active  part  in  producing  it.  The 
importance  of  this  consideration  will  become  apparent  in  the 
following  discussions. 

We  will  begin  by  considering  the  influence  of  light  upon 
growing  organs.  We  have  learned  (p.  380)  that  this  influence 
is  two-fold.  In  the  case  of  most  leaves,  growth  is  altogether 
arrested  by  prolonj^ed  exj)osure  to  darkness,  and  the  power  of 
growth  is  restored  on  exposure  to  light ;  this  we  term  the 
photoUmic  influence  of  light.  In  the  case  of  all  growing 
organs,  growth  is  more  rapid  in  darkness  than  in  light ;  this 
effiect  of  light  in  retarding  growth  we  term  the  faraiome 
influence  of  light. 

What,  now,  is  the  nature  of  the  phototonic  influence  of 
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light?  We  have  no  reason  to  suppose  that  the  arrest  of 
the  growth  of  the  cells  of  a  young  leaf  when  kept  in  dai  kiicss 
is  due  to  an\'  diminution  in  the  quantity,  or  to  a  change  in  the 
properties,  of  the  osmoticaily  active  substances  present  in  the 
ceil-sap;  on  the  contrary,  all  that  we  know  on  the  matter 
goes  to  prove  that  these  substances  are  more  abundantly 
present  in  darkness  than  in  h'ght  Nor  is  there  any  ground 
for  assuming  that  long-continued  darkness  induces  an  increase 
in  the  rigidity  of  tiie  ccll-Wcill.  We  must  assume  that  it  is 
the  protoplasm  of  the  cells  which  is  affected,  and  when  we  re- 
call the  behaviour  of  mature  motile  organs  under  the  same 
conditions,  and  the  cessation  of  the  movement  of  Bacterium 
photometncum  in  darkness  (p.  298),  we  see  that  this  assump* 
tion  is  not  groundless.  What  exactly  the  nature  of  the  effect 
produced  on  the  protoplasm  is,  we  cannot  decide,  as  we  have 
no  information  as  to  the  state  of  turgidity  or  liaccidity  of  the 
cells  in  question.  All  that  we  can  say  is  that  the  arrest  of 
growth  induced  by  long-continued  darkness  is  to  be  ascribed 
to  the  abolition  of  the  motility  of  the  protoplasm  of  the  cells. 
The  phototonic  influence  of  light  is,  then,  of  this  nature^  that 
it  restores  the  motility  of  the  protoplasm;  and  it  probably 
does  so  by  rendering  posdble  the  performance  of  certain 
nutritive  processes. 

Now  as  to  the  paratonic  influence  of  light.  In  dealing 
with  this  subject  we  must  have  this  view  clearly  in  our  minds, 
that  the  paratonic  effect  of  light  on  plant-oi^ans  is  not  to  be 
attributed  to  the  action  of  light  upon  ihe  individual  cells  of 
the  organ,  but  to  its  action  on  the  organ  as  a  whole;  the 
change  induced  In  the  individual  cells  is  the  expression  of  the 
response  ul  ihe  organ  as  a  whole  to  tlic  action  of  liglit.  Thus, 
we  may  make  the  general  statement  that  the  efl'ect  of  exposure 
to  light  is  to  diminish  the  turgidity  of  turgid  organs.  This 
loss  of  turgidity  by  the  organ  as  a  whole  is  of  course  due  to  a 
loss  of  turgidity  by  its  constituent  cells.  But  in  endeavouring 
to  account  for  this  fact  we  must  not  say  that  the  oigan  has 
become  less  tuigid  because  exposure  to  light  has  diminished 
the  turgidity  of  its  cells,  but  rather  this,  that  the  loss  of 
turgidity  by  its  constituent  cells  is  the  response  of  the  oigan 
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as  a  whole  to  exposure  to  light.  We  shall  illustrate  this 
subject  more  fuily  w  hen  we  have  to  consider  the  daily  periodic 
movements  of  certain  floral  and  foliage  leaves. 

We  have  now  to  enquire  into  the  mechanism  of  this 
response :  by  what  means  does  the  organ  thus  respond  to  the 
stimulus  of  exposure  to  light?  One  of  the  most  striking 
cases  of  the  paratonic  influence  of  light,  an  influence,  be  it 
said,  which  does  not  only  affect  growing  organs,  is  afforded 
by  the  tltiiiiiiution  in  Llic  tensions  of  the  tissues  induced  i)y 
exposure  to  light,  allusion  to  which  was  made  in  a  previous 
lecture  (p.  405).  This  diminution  in  the  tissue-tensions  is  due, 
as  was  pointed  out,  mainly  to  a  loss  of  water  by  the  paren- 
chymatous cells.  Without  again  discussing  whether  this  loss 
of  water  takes  place  in  consequence  of  changes  in  the  proper- 
ties of  the  cell-wall,  or  of  the  cell-sap,  or  of  the  protoplasm, 
wc  uiil  simply  assume  that  it  is  tlic  protoplasm  which  is 
directly  concerned.  Leaving  out  of  the  question  the  possibi- 
lity that  the  expulsion  of  water  from  the  cells  is  to  some 
extent  effected  by  an  active  contraction  of  the  protoplasm, 
we  will  account  for  it  In  this  way,  that  the  permeability  of  the 
protoplasm  is  increased  so  that  water  Is  now  forced  out  by 
filtration  under  the  pressure  of  the  elastic  cell-wall.  The 
retardation  of  the  growth  of  an  organ  w  hen  exposed  to  light 
is  due  to  a  diminution  in  the  turgidity  of  the  growing  cells 
brought  about  in  the  manner  just  described* 

So  far  we  have  had  the  case  of  a  multicellular  organ 
in  view ;  we  will  now  briefly  consider  the  case  of  a  unicellular 
organ.  We  have  learned,  for  instance,  that  the  growth  of  a 
sporangiferous  hypha  of  Phycom3^ces  is  retarded  on  exposure 
to  light  (p.  394).  In  the  absence  ai  any  direct  information 
as  to  the  turgidity  of  the  organ,  wc  ma\-  assume,  in  view  of 
the  facts  now  before  us,  that  it  is  diminished.  Now  diminu- 
tion of  turgidity  means  loss  of  water.  It  is  clear,  inasmuch 
as  the  whole  plant  consists  of  one  continuous  much-branched 
hypha,  that  water  cannot  be  driven  from  the  spomngifetous 
hypha  into  other  parts  of  the  plant  In  this  case  it  is  a 
question  not  of  redistt  ihution  of  water  in  the  plant,  but  of  a 
loss  of  it   The  loss  is  probably  due,  ultimately,  to  increased 
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activity  of  transpiration,  for  we  have  seen  (p.  109)  tn  how 
high  a  degree  light  promotes  this  process.    But  the  question 

as  to  how  light  promotes  transpiration  has  yet  to  be  con- 
sidered. It  seems  probable  that  the  effect  of  h*<;ht  on  transpi- 
ration is  due  in  no  small  degree  to  changes  in  the  properties 
of  the  protoplasm  of  the  transpiring  cells*  It  was  pointed  out 
at  the  time  when  we  were  studying  this  process  that  transpi* 
ration  is  something  different  from  mere  evaporation,  that  it  is 
a  process  essentially  dependent  upon  the  life  of  the  plant.  The 
account  which,  from  our  point  of  view,  wc  <^ive  of  the  effect  of 
light  in  promotinj]^  trnns]:>iration  is  that  the  permeability  of  the 
protoplasm  of  the  transpiring  cell  is  increased,  and  that  water 
is  consequently  more  readily  forced  to  the  surface  of  the  cell, 
where  it  is  evaporated.  This  account  is  supported  by  the  fact, 
to  which  attention  was  drawn  at  the  appropriate  time,  that 
the  transpiration  of  leaves  is  temporarily  increased  by  violently 
shaking  them,  a  fact  which  clearly  points  to  the  possibiliiy  of 
molecular  change  in  the  protoplasm  of  the  transpiring  cells. 

Exposure  to  light  acts,  then,  as  a  stimulus  to  the  growing 
organ,  in  consequence  of  which  the  protoplasm  of  the  cells 
undergoes  a  molecular  change  which  leads  to  an  increase  of 
its  permeability  and  thus  Induces  a  diminution  in  the  tui^ity 
of  the  cells.  So  long  as  the  exposure  continues  the  protoplasm 
remains  in  this  condition,  a  result  which  we  must  attribute  to 
an  interference  with  the  motility  of  the  protoplasm.  The 
.stimulating  effect  of  sudden  exposure  to  li^ht  or  of  sudden 
withdrawal  from  its  influence,  in  a  word,  of  rapid  variations  in 
its  intensity,  is  only  manifested  in  a  marked  manner  by  organs 
possessing  a  high  degree  of  irritability.  Instances  of  these 
are  afforded  by  the  flowers  and  leaves  of  certain  plants  men- 
tioned in  a  previous  lecture  (p.  400),  which  are  excited  by 
such  variations  to  perform  movements ;  movements  closely 
resembling  those  performed  by  leav^es  provided  with  pulvini, 
which  we  ha\e  just  been  discussing.  With  regard  to  the 
mechanism  of  the  movements  of  growing  floral  and  foliage 
leaves,  it  is  essentially  the  same  as  that  of  leaves  which  move 
by  means  of  pulvlnl  Neither  the  movement  of  opening 
whidi  fellows  on  an  Increase  In  the  Intensity  of  light,  nor  the 
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rnovement  of  closing  which  follows  on  a  decrease  in  the 
intensity,  is  due  to  antagonistic  effects  induced  simultaneously 
in  the  cells  of  the  two  halves  of  the  growing  region  by  the 
direct  action  on  them  of  the  stimulus :  it  is  the  leaf  as  a  whole 
which  is  stimulated,  and  its  response  to  a  sudden  increase  in 
the  intensity  of  the  light  is  that  it  opens,  and  to  a  sudden 
decrease,  that  it  closes. 

The  manner  in  which  temperature  affects  growth  may 
next  be  considered.    We  have  learned  (p.  293)  that  there  is 
for  every  growing  organ  a  minimum  temperature  at  which 
growth  begins,  an  optimum  at  which  it  is  most  rapid,  and  a 
maximum  at  which  it  is  arrested.    Inasmuch  as  this  rchition 
to  temperature  has  been  established  in  the  case  of  ahnost 
every  vital  process  of  plants,  there  can  be  Utile  doubt  that  it 
is  the  protoplasm  of  the  growing  cells  which  is  especially 
concerned.   Though  there  can  be  no  doubt  that  at  different 
temperatures  the  actual  process  of  growth,  the  building  up 
of  the  cell-structure,  takes  place  with  different  degrees  of 
rapidity,  yet  the  rate  of  growth  at  these  tempcraUircs  must 
be  dependent  in  the  first  instance  upon  the  turgidity  of  the 
cells.  Kraus  has  shewn  that,  at  low  temperatures,  the  tension 
of  the  tissues,  or  in  other  words,  the  turgidity  of  the  paren- 
chymatous cells,  is  very  slight.   This  we  attribute  to  the 
induction  of  a  permeable  condition  of  the  protoplasm.    If  the 
or^an  be  exposed  fur  a  long  period  to  a  low  teinpci.iture,  no 
variations  in  the  tissue-tensions  can  be  observed;  the  motility 
of  the  protoplasm  is  abolished.    The  same  holds  good  appa- 
rently, though  the  oi>servations  are  not  so  decisive,  of  the 
effect  of  excessively  high  temperatures.    From  these  facts  we 
can  readily  infer  how  it  is  that  at  extreme  temperatures 
growth  is  arrested.     As  the  temperature   rises  above  the 
minimum,  the  tun^ndity  of  the  parenchymatous  cells,  as  esti- 
mated both  by  the  tensions  and  by  the  actual  amount  of  water 
which  they  contain,  increases,  and,  accordingly,  growth  is 
resumed ;  the  protoplasm  resumes  its  normal  condition.  An 
optimum  temperature  for  the  tuigidity  of  the  cells  has  not 
been  determined,  but  it  cannot  be  doubted  that  there  is  one, 
inasmuch  as  it  has  been  determined  in  the  case  of  growth. 

V.  37 
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The  periodic  variations  in  the  external  conditions  which 

are  due  to  the  regular  alternation  of  day  and  night  induce,  as 
wc  h.tve  seen,  a  daily  periodicity  in  the  growth  of  j)lant- 
organs,  which  is  conspicuously  manifested  by  those  growing 
foliar  organs  which  perform  movements  of  opening  and 
closing.  The  daily  period  of  growth  closely  corresponds  with 
that  of  tissue-tensions  and  with  that  of  the  variation  in  bulk  of 
plant-organs  (see  p.  408) ;  there  can,  in  fact,  be  no  doubt  that 
they  are  all  due  to  the  same  cause,  to  a  periodic  variation  in 
the  turgiciit)  of  the  cells.  From  our  point  of  view  this  is  the 
expression  of  periodic  changes  in  the  molecular  slate  of  the 
protoplasm  of  the  cells,  of  such  a  nature  that  its  permeability 
increases  during  the  hours  of  the  day,  and  decreases  during 
the  houfs  of  the  night :  and  so  deeply  does  this  periodicity 
become  impressed  upon  the  protoplasm,  that,  as  we  already 
know,  the  periodic  changes  continue  for  some  considerable 
time  after  the  plant  h.is  been  placed  in  continuous  darkness. 
The  daily  periodic  movements  of  growing  floral  or  foliage 
leaves  are  brought  about  in  precisely  the  same  manner  as  are 
those  of  leaves  provided  with  pulvini ;  the  regular  recurrence 
in  the  evening  of  the  stimulus  of  the  diminution  in  the  inten- 
sity of  light  which  causes  them  to  dose,  and  in  the  morning, 
of  the  increase  in  the  intensity  of  light  which  causes  them  to 
open,  so  impresses  itself  upon  the  |)i;irt.  that  the  openin^^  and 
closing  movements  of  its  leaves  will  go  on  for  some  time 
under  perfectly  constant  external  conditions. 

The  spontaneous  variations  in  the  rate  of  growth,  like  the 
induced  variations,  we  attribute  in  the  first  instance  to  varia- 
tions in  the  turgidlty  of  the  growing  cells  due  to  corresponding 
molecular  changes  in  the  protoj)lasm. 

Leaving  the  variations  in  the  rate  of  i^rowth,  we  pass  to 
the  consideration  of  changes  in  the  direction  of  growth,  and 
we  begin  with  the  induced  changes.  In  entering  upon  this 
subject  we  must  bear  in  mind  that,  as  has  already  been 
pointed  out  (ppw  432,  473,  481X  the  change  is  not  due  to  a 
diflTerence  in  the  eflfect  of  the  stimulus  on  the  two  sides  of  the 
or^^an;  the  organ,  as  a  whole,  is  stinnilated,  and  the  change 
in  the  direction  of  its  growth  is  its  response  to  the  stimulus. 
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We  will  first  take  the  case  of  multicellular  organs.  The 
curvature  of  such  an  organ  is  due,  in  the  first  instance^  to  a 
diflference  in  the  tuigidity  of  the  cells  of  the  two  opposite 
halves  of  the  growing  region,  those  of  the  concave  side  being 
less  turgid  than  those  of  the  convex,  this  difierence  being  due 
as  well  to  a  decrease  in  the  turj^idity  of  those  of  the  concave 
side  as  to  an  increase  in  that  of  the  cells  of  the  convex  side. 
The  fact  that  the  curvature  is  due  to  a  difference  in  turgidity 
of  the  cells  of  the  opposed  halves  of  the  growing  region  is 
established  by  the  observations  of  de  Vries»  who  found  that 
an  organ  which  has  begun  to  curve,  whether  heliotropically  or 
geotropically,  or,  as  in  the  case  of  tendrils,  in  consequence  of 
contact,  is  more  or  less  strni^hlciied  out  on  plasmolysis.  The 
fact  that  the  curvature  is  due  as  well  to  a  decrease  in  the 
turgidity  of  the  cells  of  the  concave  side  as  to  an  increase 
in  that  of  the  cells  of  the  convex  side  is  established  by  the 
general  observation  that,  whereas  the  rate  of  growth  of  the 
convex  side  is  more  rapid  than  that  of  the  organ  when 
straight,  the  rate  of  growth  of  the  concave  side  is  less  rapid. 
The  slower  growth  of  these  cells  may  be  due  in  part  to 
compression,  but  it  is  mainly  due  to  a  definite  diminution  of 
turgidity. 

This  being  the  mechanism  of  curvature  of  multicellular 
growing  organs,  the  question  arises  as  to  how  the  observed 
differences  in  turgidity  are  brought  about.  It  is  inconceivable 
that  it  should  be  due  to  differences  in  the  rigidity  of  the 

cell-walk  ui  c^li.s  ui  the  two  halves  of  the  organ.  If  it 
be  suggested  that  curvature  is  due  to  an  increased  rigidity 
of  the  walls  of  the  ceils  of  the  concave  side,  such  an  assump- 
tion must  involve  the  further  assumption  that  the  rigidity  of 
the  walls  of  the  cells  of  the  convex  side  is  diminished.  Such 
changes  in  the  physical  properties  of  the  cell-wall  necessarily 
involve  modifications  of  structure  of  the  nature  of  growth. 
Such  modifications  of  structure  are,  however,  permanent.  i]ut 
we  have  seen  that  the  incipient  curvature  is  obliterated  on 
plasmolysis,  which  would  not  be  the  case  were  the  cell-walls 
of  one  side  of  the  organ  more  rigid  than  those  of  the  other. 
It  must  depend,  then,  either  upon  differences  in  the  attraction 
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for  water  exercised  by  the  cell-sap,  or  to  changes  in  the  pro- 
toplasm, in  the  cells. 

The  former  of  these  alternatives  is  strongly  supported  by 
de  Vriesy  who  regards  the  differences  in  the  turgidify  of  the 
cells  of  the  two  sides  of  the  curving  organ  as  being  due  to  an 
increased  formation  of  osmotically  active  substances  in  the 
cclU  ol  ihc  convex  side.  But  to  this  view  there  are  certain 
fatal  objections.  In  the  first  place,  according  to  de  Vries' 
own  observations  it  appears  that  the  osmotically  active  sub- 
stances of  the  cell-sap  are  organic  acids.  From  the  point  oi 
view  which  he  takes  up  with  regard  to  the  intimate  mechanism 
of  curvature  it  is  to  be  expected  that  the  cells  of  the  convex 
side  of  the  curving  organ  should  contain  a  relatively  large 
quantity  of  organic  acids.  As  a  matter  of  fact,  however,  it 
appears  from  Krau.V  researches  that,  in  the  case  of  geotropic 
curvature,  the  absolute  amount  of  organic  adds  in  the  cells  of 
the  convex  side  diminishes,  instead  of  increasing,  as  curvature 
proceeds.  In  the  second  place,  de  Vries'  view  does  not  take 
into  account  the  diminution  of  the  tuigidity  of  the  cells  of  the 
concave  side.  It  may  be  argued  that  tiie  loss  of  water  which 
these  cells  undergo  is  due  to  the  increased  osmotic  attraction 
exercised  by  the  sap  of  the  cells  of  the  convex  side,  in  other 
words,  to  a  redistribution  of  the  water  in  the  cells  of  the 
growing  region.  But  de  Vries*  own  observations  prove  that 
this  is  not  the  case  He  found,  namely,  that  the  curvature  of 
a  tendril  on  stimulation  is  more  rapid  when  its  intercellular 
spaces  are  injected  with  water.  Under  such  circumstances 
tliere  can  be  no  question  of  a  redistribution  of  the  water  in 
the  growing  region.  De  Vries'  explanation,  to  be  cornplcte, 
must  include  not  only  an  increase  in  the  amount  of  the 
osmotically  active  substances  in  the  cells  of  the  convex  side, 
but  also  a  diminution  in  the  amount  of  these  substances  in  the 
cells  of  the  concave  side,  inasmuch  as  the  latter  fail  to  become 
turgid  when  water,  as  in  the  injection-experiment,  is  abund- 
antly supphed  to  them.  In  view  of  these  various  facts  it  is 
impossible  to  consider  that  curvature  is  due  to  differences  in 
the  osmotic  properties  of  the  celUsap  of  the  cells  of  the 
opposed  halves  of  the  curving  organ. 
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We  are  led  to  conclude  that  the  difference  in  turgidity 
upon  which  curvature  depends  is  brought  about  by  changes 
in  the  protoplasm  of  the  cells  of  the  two  sides.  In  accord- 
ance with  what  has  been  said  with  reference  to  other  modifi- 

cations  of  tur^^idity,  wc  attribute  the  Uiininution  of  the 
tu rigidity  of  the  cells  of  the  concave  side  to  an  increased 
permeability  of  the  protoplasm  in  consequence  of  which 
water  is  forced  out  of  them.  With  regard  to  the  expansion 
beyond  the  normal  which  the  cells  of  the  convex  side 
undergo,  this  appears  to  be  due  to  an  increased  motility  of 
the  protoplasm  in  consequence  of  which  it  yields  more  readily 
to  the  pressure  of  the  cell- sap.  We  will  defer  the  full  dis- 
cussion of  this  very  important  point  for  a  few  minutes. 

Now  as  to  the  curvatures  of  unicellular  organs.  Inasmuch 
as  there  is  no  ground  for  the  assumption  that  the  rigidity  of 
the  cell-wall  is  increased  on  the  concave  and  diminished  on 
the  convex  side,  and  inasmuch  as  the  pressure  of  the  cell-sap 
must  be  the  same  at  all  points,  it  is  clear  that  curvature  must 
be  due  to  changes  in  the  properties  of  the  protoplasm  of  the 
two  opposite  halves  of  the  cell.  Without  pretending  to  say 
precisely  what  these  changes  may  be,  we  may  suggest  that 
they  consist  in  a  modification  of  the  motility  of  the  protoplasm 
of  one  or  both  sides  of  the  cell ;  the  motility  of  the  protoplasm 
of  the  concave  side  may  be  diminished,  or  that  of  the  con- 
vex side  increased,  or,  as  is  more  probable,  in  view  of  the 
curvature  of  multicellular  organs,  both  these  effects  may  be 
simultaneously  produced.  In  any  case  the  result  is  that  the 
protoplasm  of  one  side  yields  less  readily  to  the  pressure  of 
the  eel  I -sap  than  the  other. 

The  chanj^es  which  the  protoplasm  of  a  unicellular  uic^an 
underi;oes  in  connexion  with  curvature  are  not  such  as  affect 
the  permeability  of  the  protoplasm,  for  in  this  case  the  mecha- 
nism of  curvature  is  in  no  wise  dependent  upon  an  escape  of 
water.  The  consideration  of  these  phenomena  again  raises 
the  question  as  to  whether  or  not  a  diminution  tn  the  tui^idity 
of  cells  is  not  in  all  cases  accompanied  by  a  molecular  change 
of  the  nature  of  a  contraction  in  the  protoplasm,  and  an 
increase  in  turgidity  by  an  active  expansion  of  the  protoplasm. 
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This  question  cannot  at  present  be  definitely  answered,  but  ii 
may  be  pointed  out  that  the  excessive  elongation  of  the  cells 
of  the  convex  side  of  a  curving  multicellular  organ,  and 
certain  other  phenomena  to  which  attention  was  drawn  when 
we  were  discussing  the  mechanics  of  growth  (p.  335,  small 
print),  sutjL^rcst  that  at  least  an  active  expansion  of  the  proto- 
plasm may  take  place. 

The  recent  observations  of  Kohl  on  the  heliotropic^  geotropic^  and 
hydrotropic  curvatures  of  various  organs  (sporangiferous  hypbs  of 
Phycomyces,  root-hain,  roots,  etc.)  lend  some  support  to  these  views  as 
to  the  intiiaate  mechanism  of  curvature.  He  finds  that  the  piotoplastt 
aggregates  on  the  eomave  side  of  the  curviog  cell,  but  it  is  not  dear  at 
present  what  the  exact  significance  of  this  fact  may  be. 

We  will  conclude  our  study  of  the  mechanism  of  the 
mo\'cments  of  growing  organs  with  a  brief  consideration  of  the 
spontaneous  movements.  The  movement  of  nutation  of  mul- 
ticellular organs  is  due,  like  the  curvature  induced  by  a  stimu* 
lus,  to  an  inequality  in  the  tuigidity  of  the  cells  on  two  opposite 
sides  of  the  organ,  an  inequality  which  in  this  case  also  b  to 
be  attributed  to  molecular  changes  in  the  protoplasm  of  the 
cells,  but  occurring  spontaneously. 

With  regard  to  tlic  intimate  mechanism  of  the  movement 
of  nutation  nf  unicellular  organs,  we  can  only  repeat  what  has 
been  said  with  regard  to  their  induced  movements,  that  the 
movement  is  due  to  a  difference  in  the  condition  of  the  proto- 
plasm of  the  two  opposite  halves  of  the  organ,  of  such  a  nature 
that  the  protoplasm  of  the  one  side  yields  less  readily  to  the 
pressure  of  the  celUsap  than  does  that  of  the  other. 

Transmission  of  SiinmH, 

In  speaking  of  the  action  of  stimuli  in  inducing  move- 
ments of  plant-organs  it  has  been  mentioned  incidentally 

that  there  is  considerable  evidence  to  shew  that  the  stimulus 
is  transmitted  from  one  part  of  the  organ  to  another.  Thus, 
a  transmission  of  the  heiiotropic  stimulus  appears  to  liavc 
been  made  out  in  the  case  of  certain  cotyledons  (p.  438),  and 
of  geotropic  (p.  468),  hydrotropic  (p.  479),  and  electrical 
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Stimuli  (p.  4/4)  in  the  case  of  xx>ots.  There  is  no  doubt  what- 
ever that  the  stimulus  of  contact  is  transmitted  in  tendrils 
(p.  487),  and  in  irritable  leaves,  such  as  those  of  Mimosa 
(p.  547),  and  Drosera  (p.  548).   We  have  now  to  enquire  into 

the  means  by  which  the  transmission  is  eUccLcd. 

This  subject  has  been  more  especially  investii^ated  in  the 
case  of  Mimosa  pudica.  Dutroclict  came  to  the  conclusion 
that  the  stimulus  travels  along  the  fibrovascular  bundles.  He 
found,  namely,  that  when  he  had  removed  either  the  cortex 
or  the  pith,  or  both,  of  a  portion  of  the  stem,  a  stimulus  was 
transmitted  from  a  leaf  above  the  wound  to  one  below  it,  or 
from  one  below  the  wound  to  one  above  it,  but  ihai  no  such 
transmission  took  place  when  the  fibrovascular  tissue  was 
cut  through.  In  another  experiment  he  removed  the  whole 
of  the  parenchymatous  tissue  of  the  pulvinus  of  a  leaf, 
leaving  only  the  fibrovascular  bundle;  stimulation  of  this 
leaf  caused  the  other  leaves  on  the  stem  to  move.  Clearly, 
then,  the  fibrovascular  tissue  transmits  the  stimulus,  but 
we  have  yet  to  learn  what  the  mode  of  transmission  is. 
Sachs  considers  that  it  is  due  to  a  disturbance  of  the 
hydrostatic  equilibrium  in  the  plant.  He  regards  the  state 
of  equilibrium  to  be  of  this  nature,  that  the  parenchyma- 
tous cells  of  the  pulvinus  are  in  a  state  of  high  tension  so 
that  water  would  escape  from  them  were  it  not  prevented  by 
the  counter  hydrostatic  pressure  in  the  fibrovascular  tissue. 
In  support  of  this  view  he  cites  the  fact  that  when  an  incision 
is  made  into  the  stem  of  a  Mimosa,  which  extends  to  the 
fibrovascular  tissue,  it  is  immediately  followed  by  a  fall  of  the 
petiole  of  the  nearest  leaf.  The  incision  has  diminished  the 
hydrostatic  pressure  In  the  fibrovascular  tissue ;  consequently 
the  cells  of  the  pulvinus  of  the  nearest  leaf  give  up  water  and 
a  movement  ensues.  When  a  movement  of  a  leaf  is  induced 
by  stimulation,  the  converse  of  this  takes  place.  I  he  irniaud 
pulvinus  forces  water  into  the  fibrovascular  tissue,  thereby 
causing  a  disturbance  of  hydrostatic  equilibrium  which  is  pro- 
pagated to  adjacent  pulvini.  Though  we  cannot  accept  this 
view  of  the  intimate  mechanism  of  the  movement  of  a  pulvi- 
nus, yet  it  is  possible  to  imagine  that  if  two  pulvini  were 
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connected  by  an  open  tube  filled  with  water,  the  disturbance 
of  the  hydrostatic  equilibrium  due  to  the  forcing  of  water  into 
the  tube  in  consequence  of  the  stimuJation  of  one  pulvimis 
might  be  propagated  to  the  other  pulvinus  and  might  act  as  a 
stimulus  upon  it,  a  conception  which  might  be  realised  by 
means  of  the  vessels  of  the  wood.  But  Dutrochct  clearly 
shewed,  and  in  this  he  is  confirmed  by  Pfcffcr,  that  the  vessels 
of  the  wood  are,  as  a  matter  of  fact,  not  concerned  in  the 
transmission  of  the  stimulus.  We  have  to  believe,  then»  that 
a  disturbance  of  the  hydrostatic  equilibrium  can  be  propagated 
for  a  considerable  distance  in  the  plant  through  a  series 
of  closed  cells.  It  is  a  question  whether  or  not  such  a  propa- 
gation is  possible  ;  but  even  assuming  that  it  is,  there  is  the 
question  of  fact  to  be  decided,  ulietlier  there  is  any  <;round 
for  assuming  that  the  forcing  of  water  out  of  the  parenchyma- 
tous cells  of  the  pulvinus  on  stimulation  necessarily  affects  the 
fluid-pressure  in  the  fibrovascular  tissue.  It  is  admitted  on 
all  hands  that  the  water  which  is  expelled  from  the  irritated 
cells  of  a  pulvinus  is  driven  into  the  intercellular  spaces, 
so  that  we  cannot  assume  that  more  than  a  portion,  probably 
a  very  small  portion,  of  it  enters  the  fibrovascular  tissue. 
There  is,  in  fact,  no  direct  proof  that  any  water  is  forced  into 
the  fibrovascular  tissue  of  the  pulvinus. 

It  appears  from  these  considerations  that  the  theory  which 
regards  the  transmission  of  a  stimulus  as  a  mere  propagation 
of  a  disturbance  of  hydrostatic  equilibrium  is  not  satisfactorily 
established.  This  theory  is  altogether  too  purely  mechanical 
to  account  for  so  remarkable  a  phenomenon  in  a  living 
organism,  and  we  must  endeavour  to  establish  for  it  some 
other  explanation  which,  while  borne  out  at  least  as  fully 
by  the  facts,  will  be  more  in  harmony  with  our  conceptions  of 
the  organisation  of  living  beings. 

We  learned  in  one  of  the  earlier  lectures  (p.  23),  that  the 
protoplasm  of  adjacent  cells  is,  in  luaiiy  cases  and  perhaps 
universally,  continuous  tlirough  the  cell-walls.  This  impor- 
tant fact,  for  which  we  are  indebted  mainly  to  Gardiner's 
researches^  may  help  us  in  our  endeavour  to  ascertain  the 
means  by  which  the  transmission  of  a  stimulus  may  be  - 
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eflfected  in  a  plant  It  is  a  well-known  fact  in  physiology 
that  living  protoplasm  is  capable  of  transmitting  a  stimulus ; 


Fig.  64  (after  (iardiner).  Continuity  of  the  protoplasm  of  adjacent  cells  of  the  en- 
dosperm of  a  Palm-secd  (Ucntinckia) :  a,  contracted  protoplasm  of  a  cell;  ^,  a 
group  of  delicate  protoplasmic  fiUunents,  passing  through  a  pit  in  the  cell- wall. 

in  fact,  the  nerve-fibres  of  animals  are  simply  protoplasm 
which  has  been  specially  modified  for  the  performance  of 
this  very  function.  We  may  suggest,  then,  that  a  stimulus 
travels  through  a  Mimosa-stem  from  cell  to  cell  by  means 

of  the  clL-licatc  hlaincnts  which  place  the  protoplasm  of  the 
cells  in  direct  communication. 

The  possibility  of  a  vital,  as  distinguished  from  a  mechani- 
cal, transmission  of  a  stimulus  from  cell  to  cell  had  occurred 
to  PfefTer,  but  he  believed  that  he  had  disproved  it  by 
the  following  experiment.  He  placed  a  leaf  of  a  plant  of 
Mimosa  so  that  the  middle  portion  of  it  was  enclosed  in 
a  vessel  containinc^  ch!orof()rni-vai)oiir  in  sufficient  proportion 
to  abolish  the  irritability  of  the  pulvinus.  Under  these  cir- 
cumstances he  found  that  a  stimulation  of  the  leaflets  pro* 
jecting  beyond  the  vessel  caused  a  movement  in  another  leaf 
borne  on  the  stem.  The  stimulus  obviously  travelled  through 
that  portion  of  the  leaf  which  was  exposed  to  the  action  of  the 
chloroform  From  this  he  infers  that  the  transmission  of  the 
stimulus  is  not  vital,  for,  had  it  been  so,  it  could  not  have 
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traversed  the  chloroformed  portion  of  the  leaf.  He  assumes 
that  since,  as  we  know  with  regard  to  the  pulvinus,  the  irrita- 
bility of  protoplasm  is  abolished  by  chloroform,  the  cQiiducti< 
vity  of  protoplasm  is  similarly  affected,  an  assumption  for 
which  there  is  no  justification.  This  experiment,  then,  (ails  to 
overthrow  the  theory  that  the  stimulus  is  transmitted  from 
cell  to  cell  by  the  protoplasm. 

The  theory  which  we  substitute  for  what  we  may  term  the 
water-theory  of  the  transmission  of  stimuli  in  Mimosa  is 
briefly  this :  that  stimuli  are  transmitted  by  means  of  the  pro* 
toplasm  from  cell  to  cell  in  some  portion  of  the  fibrovascular 
tissue.  It  is  possible  to  define  the  portion  of  the  fibrovascular 
tissue  in  which  the  stimuli  travel.  Dutrochet  found  that  a 
stimulus  was  transmitted  from  one  leaf  to  another  when  the 
intermediate  portion  of  the  stem  was  cut  away  at  some  point 
so  as  to  leave  only  the  outer  parts  of  the  fibrovascular  bundles 
intact,  and  he  came  to  the  conclusion  that  the  stimulus  travels 
in  these  remaining  parts  of  the  fibrovascular  bundles  through 
certain  structures  which  he  terms  "tubes  corpusculifkes". 
Now  the  researches  of  Russow  have  shewn  that  the  continuity 
of  the  protoplasm  of  adjacent  cells  is  especially  well-marked 
in  the  bast-parenchyma.  It  seems  probable,  therefore,  that 
Dutrochet's  "tubes  corpusculiferes "  are  the  elongated  bast- 
parenchyma  cells  of  Mimosa* 

But  it  will  be  objected  that  if  the  stimulus  travels  from 
cell  to  cell  by  means  of  the  protoplasm,  it  ought  to  be  trans- 
mitted equally  well  by  the  cortical  or  medullary  parenchyma- 
tous tissues,  for  the  protoplasm  of  these  cells  is  probabK-  also 
continuous.  Gardiner  has,  in  fact,  shewn,  that  the  protoplasm 
of  the  cortical  parenchymatous  ceils  of  the  pulvinus  is  con- 
tinuous. But  according  to  Dutrochet's  observations,  these 
tissues  do  not  transmit  a  stimulus.  In  reply  to  this  objection 
it  may  be  pointed  out  that  the  conduction  of  a  stimulus  of  a 
particular  kind  from  one  coll  to  another  is  not  a  necessary 
consetiiicnce  of  the  continuity  of  the  protoplasm.  The  con- 
clusion from  these  facts  is  simply  this,  that  the  bast-paren- 
chyma in  the  plant  constitutes  a  system  of  tissue  which 
possesses  the  property  of  conductivity  in  a  high  degree. 
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Wc  will  briefly  discuss  from  this  point  of  view  the  fact 
mentioned  above  that  an  incision  into  the  stem  of  Mimosa,  so 
soon  as  the  iibrovascular  tissue  is  touched,  causes  a  movement 
in  the  nearest  leaf.  We  can  now  account  for  this  by  attribute 

ing  it  to  a  stimulation  of  the  protoplasm  of  the  cells  of  the 
bast-parenchyma,  the  stimulus  being  transmitted  in  this  tissue 
to  the  nearest  leaf. 

It  must  not,  however,  be  assumed  that  the  property  of 
conductivity  is  confined  to  the  bast-parenchyma.  From 
Darwin's  observations  on  Drosera  and  Dionaea,  it  appears 
that  stimuli  are  transmitted  through  the  parenchymatous 
cells  of  the  leaf,  and  this  must  be  also  the  case,  as  Cohn 
points  out,  in  that  of  Aldrovancla,  in  the  lamina  of  which  no 
fibrovascular  tissue  is  present.  But  Darwin  has  pointed  out 
that  in  Drosera  the  rate  of  transmission  of  the  stimulus  is 
materially  affected  by  the  form,  of  the  cells  and  by  the  direc- 
tion of  their  axes.  A  stimulus  travels  most  rapidly  in  a 
tissue  consisting  of  elongated  cells,  the  direction  of  transmis- 
sion being  the  same  as  that  of  the  long  axes  of  the  cells. 
Clearly,  in  the  case  of  Mimosa,  the  bast-parenchyma  is,  of  all 
others,  the  tissue  which  meets  the  mechanical  requirements  of 
rapid  transmission.  It  is  not  altogether  clear  why  the  rate  of 
transmission  of  a  stimulus  should  be  thus  dependent  upon  the 
form  of  the  cells  and  the  relation  of  their  axes  to  the  direction 
of  transmission ;  but  it  may  be,  as  Darwin  suggests,  that  the 
transmission  is  retarded  on  passinj^  through  cell-walls.  This 
sugc^estion  at  least  enables  us  to  account  for  the  relatively 
great  rapidity  of  transmission  through  a  tissue  consisting  of 
elongated  cells  in  the  direction  of  their  axes,  for,  under  these 
circumstances  the  number  of  cell-walls  to  be  traversed  is  the 
smallest  possible. 

Bialo^^ical  Significance  of  Plant-Movemmts. 

In  previous  lectures  we  have  described  the  phenomena  of 
movement  presented  by  plants,  and  in  the  present  lecture  we 
have  endeavoured  to  explain  the  mechanism  of  movement. 
In  order  to  conclude  the  subject  we  must  enquire,  though  we 
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can  only  do  so  briefly  and  in  the  most  general  way,  into  the 
significance  of  movement  in  the  economy  of  the  plant.  It  is, 
in  fact,  only  when  we  clearly  apprehend  that  the  various 
movements  of  plants  have  some  bearing  upon  the  well-being 
of  the  oiganism  that  we  can  approach  the  difficult  subject  of 
the-  mechanism  of  those  movements  with  any  hope  of  under* 
standing  it.  It  is  only  from  this  point  of  view  that  we  can 
perceive  the  principle  which  alone  can  afford  a  clue  to  the 
mechanism  of  movement,  the  principle,  namely,  that  all 
phenomena  of  movement  induced  by  a  stimulus  are  not  the 
expression  of  the  direct  action  of  the  stimulus  on  the  cells  by 
means  of  which  the  movement  is  performed,  but  are  the 
response  of  the  stimulated  organ. 

We  will  begin  by  discussing  the  most  general  of  the 
phenomena  of  movement,  the  fact  that  growth  is  more  rapid 
in  darkness  than  in  light.  The  question  at  once  arises  why 
this  should  be  so ;  for  it  is  possible  to  conceive  that  just  the 
opposite  should  be  the  case,  there  being  no  a  priori  reason  for 
the  existing  relation  between  light  and  the  rate  of  growth. 
The  answer  Is  given  by  the  following  instance.  A  green 
plant  requires  to  be  exposed  to  light  of  a  cci  lain  intensity  in 
order  that  its  metabolic  processes  may  be  carried  on.  If  a 
seed  of  such  a  plant  happens  to  germinate  in  a  shady  spot 
among  bushes,  the  seedling  will  not  receive  light  of  sufficient 
intensity  to  enable  it  to  carry  on  its  processes  of  constructive 
metabolism,  and  the  only  means  by  which  this  can  be  attained 
is  that  its  stem  should  grow  rapidly  in  length  so  as  to  raise  its 
leaves  above  the  level  of  the  surrounding  bushes  and  expose 
them  to  the  sunlight.  Clearly,  then,  it  is  of  great  importance 
to  the  plant  that,  as  we  have  seen,  the  growth  of  its  stem 
should  be  rapid  in  feeble  light.  When  once  the  apex  of  the 
stem  has  reached  the  light,  there  is  no  further  need  for  rapid 
elongation ;  all  that  Is  then  required  is  that  its  tissues  should 
be  well  differentiated,  so  as  to  give  rigidity  to  the  stem  and  to 
ensure  an  adequate  supply  of  water  lu  the  upper  parts  of  the 
plant,  and  that  its  leaves  should  be  fully  developed.  We  now 
see  the  significance  of  the  paratonic  influence  of  light.  The 
growth  of  the  stem  is  retarded,  and,  at  the  same  time,  the 
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more  perfect  differentiation  of  the  tissues,  and  the  develop- 
ment of  the  leaves  proceeds.    This  leads  us  to  consider  the 
relation  of  the  growth  of  leaves  to  light.    We  have  learned 
(p.  380).  that  in  cases  in  which  excessive  elongation  of  the 
stem  takes  place  in  darkness,  the  leaves  are  imperfectly 
developed,  and  we  found  ourselves  at  a  loss  to  explain,  in  any 
clii  ect  way,  the  fact  of  the  rudimentary  condition  of  the  leaves. 
The  explanation  is  that,  under  these  circumstances,  the  deve- 
lopment of  the  leaves  would  be  of  no  advantage  to  the  plant : 
it  concentrates,  as  it  were,  all  its  efforts  to  the  elongation  of 
the  stem  to  the  end  that  light  of  sufficient  intensity  may 
ultimately  be  reached.   We  found  also,  in  the  case  of  plants 
in   which,  under  similar  circumstances,  the  stem  docs  not 
become  excessively  elon^^'ited,  the  Onion  for  instance,  the 
leaves  become  so.    The  significance  of  this  is  the  same  as 
that  of  the  excessive  elongation  of  the  stem:  the  leaves 
elongate  in  search  of  light. 

Another  instance  of  precisely  the  same  nature  is  afforded 
by  climbing  plants,  whatever  be  the  means  by  which  their 
climbing  is  effected.  The  stems  of  these  plants  are  not  suffi- 
ciently rigid  to  enable  them  to  support  the  leaves  in  the  most 
favourable  position  as  regards  exposure  to  light.  Consequently 
they  attach  themselves  to  supports  and  thus  attain  the  required 
end.  In  some  cases  the  attachment  is  of  a  mechanical  nature, 
as  in  hook-climbers;  in  others  existing  parts  of  the  plant 
possess  special  irritability,  as  in  Ical-ciimbers  and  stem- 
climbers,  or  altogether  new  and  irritable  organs  are  developed, 
as  in  tendril-climbers. 

It  may  perhaps  be  objected  that  it  is  not  clear,  from  this 
point  of  view,  why,  as  we  have  seen  (p.  385),  the  shoot-organs 
of  plants  destitute  of  chlorophyll  should  grow  more  rapidly  in 
darkness  than  in  light  In  reply  to  this  objection  it  has  to  be 
pointed  out  that  these  plants  have  undoubtedly  sprung  from 
ancestors  which  contained  chorophyll:  for  instance,  the  Fungi 
have  been  derived  from  the  Algas.  Now  derivative  forms 
retain,  in  a  greater  or  less  degree,  the  more  general  properties 
of  their  ancestors,  even  though  these  properties  may  be 
of  comparatively  little  advantage  to  them,  and  the  case  before 
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US  is  an  iilostratlon  of  this  general  principle.   But  tn  some 

cases,  at  least,  the  excessive  elongation  in  darkness  of  the 
slioot-organs  of  plants  destitute  of  chlorophyll  has  an  imme- 
diate sij^nificance.  It  was  mentioned  in  a  previous  lecture 
(p.  393)  that  the  spores  of  certain  Fungi  are  not  developed 
when  the  plant  is  kept  continuously  in  darkness.  The  excessive 
elongation  of  the  stalks  of  the  fructifications  of  these  Fungi  in 
continuous  darkness  is  the  expression  of  the  same  tendency 
as  the  excessive  elongation  of  the  stems  of  normally  green 
plants:  it  is  the  expression  of  the  search  after  light,  though 
the  end  to  be  attained  is  different  in  the  two  cases.  In  the 
one  case  light  is  essential  to  the  development  of  the  spores; 
in  the  other,  to  the  performance  of  the  processes  of  construc- 
tive metabolism* 

We  may  now  go  on  to  discuss  the  s^rnificance  of  the 
various  forms  of  changes  in  position.  Beginning  with  the 
phenomena  induced  by  light  we  will  take  as  our  first  illus- 
tration the  case  of  a  positively  heliotropic  shoot.  The  effect 
of  an  obliquity  in  the  incidence  of  the  rays  of  light  upon 
such  an  organ  is  to  cause  it  to  place  its  long  axis  in  the 
direction  of  incidence  of  the  rays,  the  apex  being  directed 
towards  the  source  of  light  Such  a  curvature  of  the  stem 
necessarily  alters  the  position  of  the  leaves,  the  alteration 
being  such  that  the  upper  surfaces  of  the  leaves  are  placed 
perpendicularly  to  the  direction  of  the  incident  rays.  In 
this  position  the  leaves  are  fuUy  exposed  to  the  incident 
light,  and  are  under  the  most  favourable  conditions  for 
the  performance  of  their  important  metabolic  processes. 

But  the  position  of  leaves  with  regard  to  the  directk>n  of 
incidence  of  light  is  not  altogether  determined  by  the  di- 
rection of  growth  of  the  stem  which  bears  them  ;  for  we 
have  seen  (p.  445)  that  the  fixed  light-position  of  leaves  is 
different  in  different  plants.  In  endeavouring  to  explaifi 
the  differences  in  the  hxed  light-positions  of  leaves,  we  must 
bear  in  mind  that  light  not  only  promotes  the  constructive 
metabolic  processed  but  that,  if  intense,  it  also  causes  de- 
composition of  chlorophyll  (p.  265).  It  is  important,  there- 
fore^ that  the  position  of  a  leaf  should  be  such  tliat  whilst 
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!t  receives  as  much  lie^ht  as  i)ossibIe  of  an  intensity  sufficient 
for  the  performance  of  the  constructive  metabolic  processes, 
it  should  receive  as  little  light  as  possible  of  such  an  intensity 
as  to  lead  to  the  decomposition  of  its  chlorophyll.  The 
fixed  light-position  of  a  leaf  is  then  the  position  in  which 
both  these  ends  are  as  far  as  possible  attained,  the  position 
being  diHerent  in  leaves  of  different  organisation. 

In  connexion  with  this  subject  we  will  briefly  consider 
the  peculiarities  of  structure  of  leaves  which  are  involved 
by  the  nature  of  the  fixed  light-position  of  leaves  (see  p. 
384).  A  leaf  which  when  fully  exposed  to  light  takes  up 
such  a  position  that  its  morphologically  upper  surface  is 
directed  towards  the  zenith,  presents  a  well-marked  difference 
in  its  internal  structure  between  the  upper  and  lower  por- 
tions of  its  mesophyll.  Towards  the  upper  surface  the  meso- 
phyll  consists  of  elongated  cells  closely  packed  together,  with 
scarcely  any  intercellular  spaces,  the  long  axes  of  the  cells 
being  perpendicular  to  the  surface :  this  is  the  pallisade> 
tissue.  Towards  iiic  lower  surface  the  mesophyll  consists 
of  irregular!}'  shaped  cells  with  large  intercellular  spaces  : 
this  is  the  spongy  tissue  (see  Fig.  13,  p.  70).  Moreover  there 
are  but  few  stomata,  if  any,  in  the  epidermis  of  the  upper 
, surface,  whereas  they  are  numerous  in  that  of  the  lower. 
Such  a  leaf  is  manifestly  dorsiventraL  A  leaf  which  when 
fully  exposed  to  light  takes  up  such  a  position  that  its 
surfaces  lie  in  a  vertical  plane,  does  not  exhibit  this  structure. 
At  both  surfaces  of  the  leaf  pallisade- tissue  is  developed, 
usually  to  an  equal  extent,  with  a  similar  distribution  of 
intercellular  spaces,  and  stomata  are  present  in  the  epidermis. 
Such  a  leaf  is  isobilateral.  The  difference  in  the  anatomy  of 
the  two  leaves  is  due  to  the  fact  that  in  the  case  of  the 
horizontal  leaf  the  one  surface,  the  upper,  is  more  directly 
exposed  to  light  than  the  lower,  whereas  in  the  case  of  the 
vertical  leaf  both  surfaces  are  equally  exposed  to  light. 
Now  the  particular  kind  of  tissue  in  which  the  processes 
of  constructive  metabolism  can  be  most  advantageously 
carried  on  is  the  spongy  parenchyma :  this  kind  of  tissue 
most  readily  permits  the  entrance  of  light  into  the  tissues. 
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This  is  proved  by  the  fact  that  in  leaves  grown  in  fe^le 
light  the  spongy^  tissue  is  well  developed  at  the  expense 
of  the  pallisadc-tissue.    But  when  a  leaf  is  exposed  to  bright 
light,  not  only  the  constructive  melabolic  processes,  but  the 
decomposition  of  the  chlorophyll  has  to  be  taken  into  con- 
sideration.  The  pallisade-tissue  is  to  be  regarded  as  a  means 
of  diminishing  the  intensity  of  the  light  as  it  penetrates  into 
the  leaf,  and  so  of  protecting,  as  It  were,  the  chlorophyll 
of  the  subjacent  spoiij^y  tissue.    These  considerations  afford 
the  explanation  of  the  principal  difference  in  structure  be- 
tween the  horizontal  and  vertical  leaf    It  may  be  added 
tiiat  the  different  distribution  of  the  stomata  in  the  two  cases 
is  correlated  with  the  differences  of  internal  structure. 

If  it  be  enquired  why  the  cells  of  the  mesophyll  of  a  leaf- 
surface  exposed  to  bright  light  should  assume  the  elongated 
form  characteristic  of  the  pallisade-tissue,  and  why  these 
cells  should  be  so  placed  in  the  leaf  that  their  loiv^  axes 
should  be,  as  they  are,  parallel  to  the  direction  of  the  inci- 
dent rays,  the  answer  is  again,  that  it  is  for  the  protection 
of  the  chlorophyll.  It  was  mentioned  in  previous  lectures 
(p.  299,  see  Fig.  36)  that  under  the  influence  of  changes  in 
the  intensity  of  the  incident  light,  the  position  of  the  chloro- 
phyll-corpuscles in  the  cells  is  changed.  The  effect  of 
bright  light  is  to  induce  light-apostiophe,  that  is,  a  posmon  of 
the  corpuscles  in  which  they  present,  not  their  flat  surfaces, 
but  their  edges,  to  the  incident  rays.  The  assumption  of 
this  position  can,  obviously,  be  most  readily  carried  out  when 
the  form  of  the  cell  is  a  hollow  cylinder  placed  with  its  long 
axis  parallel  to  the  direction  of  tiie  incident  rays,  oondittons 
which  are  exactly  iuiiilied  by  the  cells  of  Uie  paiii^adc- 
parenchyma. 

But  to  return  from  this  digression.  In  a  previous  lecture 
we  have  spoken  of  leaves  which  when  fully  exposed  to  light, 
take  up  a  horizontal  position,  as  being  diaheliotropic,  and 
we  may  speak  of  those  which,  under  similar  circumstances, 
take  up  a  position  whidi  is  more  or  less  inclined  to  the 
horizonLal,  as  being  paraheliotropic.  The  significance  of  the 
fixed  light  position,  whatever  it  may  be,  is  that  it  is  the 


Digitized  by  Google 


IRRITABILITY. 


593 


position  in  \\  hich  the  leaf  receives  light  of  that  intensity 
which  is  most  favourable  to  the  performance  of  its  functions. 
That  this  is  the  case  is  proved  by  the  changes  in  position 
which  some  motile  leaves  undergo  under  variations  in  the 
intensity  of  light.  Thus,  it  has  been  mentioned  (p.  552) 
that,  when  exposed  to  light  of  moderate  intensity,  the  leaf- 
lets  of  Robinia  are  horizontal,  but  that  when  the  light  is 
intense  they  move  upwards  until  they  present  their  margins 
to  the  incident  li.L^ht.  In  lic^ht  of  moderate  intensity,  then, 
these  leaves  are  diaheliotropic ;  in  intense  light,  they  are 
paraheliotropic. 

We  may  now  conveniently  consider  the  nyctitropic 
movements  of  leaves  whether  growing  or  motile.  These 
consist  in  the  assumption  by  the  leaf  or  leaflet,  on  a  dimi- 
nution in  the  intensity  of  light,  of  a  position  in  which  the 
surfaces  are  more  or  less  nearly  vertical,  the  apex  being 
directed  either  upwards  or  downwards  (see  pp.  405,  539.) 
That  this  movement  is  not  essentially  connected  with  any 
relation  between  the  function  of  the  leaves  and  the  intensity 
of  the  light,  is  shewn  by  the  fact  that  a  similar  movement 
may  be  induced  by  a  fall  in  the  temperature  of  the  air 
(p.  378).  The  significance  of  it  probably  is,  as  Darwin 
suggests,  that  it  prevents  the  excessive  low  ering  of  tlie  tem- 
perature of  the  organs  by  radiation  during  the  night ;  clearly 
the  radiation  from  a  leaf  with  its  surfaces  vertical  must  be 
much  less  than  when  its  surfaces  are  horizontal.  In  the  case  of 
floral  leaves  the  movement  has,  in  some  instances,  the  further 
significance,  that  by  the  closure  of  the  petals  the  essential 
floral  organs  are  protected  not  only  from  cold,  but  also  from 
becoming  wetted  by  dew  or  rain. 

With  regard  to  geotropism  and  hydrotropism,  it  is  su  ob- 
viously to  the  advantage  of  the  plant  that  its  shoot  should 
be  n^[atively  geotropic,  and  its  root  positively  geotropic, 
and  further^  that  its  root  should  be  positively  hydrotropic, 
that  the  facts  need  only  to  be  mentioned  to  be  understood. 

Finally,  though  it  is  not  possible  in  most  cases  to  see 
wliat  advantage  accrues  to  the  plant  from  the  spontaneous 
movements  of  its  organs,  for  instance,  the  movements  of 
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the  lateral  leaflets  of  Desmodium,  or  the  nutations  of  growing 
organs,  yet  in  some  cases  the  advantap^e  is  clear.  This  is 

notablv  the  case  with  rccjartl  to  the  circuainutation  of  tendrils 
and  of  the  stems  of  twiniiv^  plants  ;  clearly  the  travelling 
of  these  organs  over  a  considerable  area  must  largely  in- 
crease the  chances  of  their  coming  into  contact  with  a  support 
The  same  may  be  said  with  regard  to  the  movements  of 
those  organs  which  are  irritable  to  touch.  It  is  not  clear 
what  advantage  the  power  of  movement  on  mechanical  stimu- 
lation of  the  leave."?  of  Mimosa  brings  to  the  plant ;  but  it  is 
clear  in  the  case  of  irritable  stamens ;  when  an  insect  visits 
a  flower  with  irritable  stamens  it  causes  them  to  move,  and 
the  result  of  their  movement  is  a  discharge  of  pollen  some 
of  which  is  conveyed  by  the  insect  to  another  flower  of  the 
same  kind,  and  thus  cross-fertilisation  is  ensured 

It  is  impossible,  within  the  limits  of  these  lectures,  to 
discuss  all  the  very  numerous  phenomena  of  movement 
with  which  we  have  become  acquainted,  from  the  standpoint 
of  their  biological  significance  ;  to  do  that  thorough!)',  a 
separate  course  of  lectures  would  be  required.  But  with  the 
help  of  the  examples  just  given  of  the  way  in  which  various 
kinds  of  irritability  have  been  acquired,  the  elucidation  of 
other  cases  may  be  advantageously  undertaken  by  the 
student  himself. 
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REPRODUCTION. 

So  far  we  have  been  mainly  occupied  with  the  means  by 
which  the  maintenance  of  the  individual  is  attained.  Hut  we 
have  incidentally  learned  that  the  period  during  which  the 
life  of  the  individual  can  be  maintained  is  limited,  though 
the  length  of  life  may  be  widely  different  in  different  cases. 
Thus  some  plants,  annuals,  do  not  survive  a  simple  season  of 
growth;  others,  bicjuiials^  live  throuirh  two  seasons;  and 
otliers,  pcrmnialSy  persist  for  a  greater  or  smaller  number  of 
years.  But  in  any  case  any  given  individual  eventually  ceases 
to  exist.  Inasmuch,  however,  as  the  various  species  of  plants 
continue  to  exist,  it  is  clear  that  new  individuals  must  be 
constantly  being  produced,  and  it  is  the  object  of  these  con- 
cluding lectures  to  study  the  various  modes  in  which  these 
new  individuals  are  produced,  to  study,  in  other  words,  the 
Reproduction  of  Plants. 

In  the  first  lecture  (p.  6)  it  was  pointed  out  that  repro- 
duction is  one  of  the  fundamental  properties  of  living  pro- 
toplasm. The  protoplasm  of  an  individual  possesses  the 
property  of  [giving;  rise  to  a  new  individual,  and  this  may  be 
effected  in  cither  of  two  ways  ;  in  the  one  case  by  means  of 
cells,  not  specially  modified  for  the  purpose,  forming  part  of 
the  body  of  the  individual,  somatic  cells  as  we  may  term 
them;  in  the  other,  by  means  of  specially  modified  cells,  the 
reproductive  ceiis,  which  are  usually  set  free  from  the  indi- 
vidual. The  former  process  we  term  vegetative  reproduction^ 
tile  UUer  spore-rcproduction. 
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The  simplest  mode  of  vegetative  reproduction  is  that 
which  obtains  among  unicellular  plants  of  low  otgantsatioo. 
When  the  cell  which  constitutes  the  body  of  the  individual 
has  attained  by  growth  its  limit  of  size,  it  gives  rise,  by  some 
form  of  cell-division,  to  one  or  more  new  cells,  which  then 
grow,  and,  becoming  separated  from  one  another,  constitute 
one  or  more  new  individuals  similar  to  the  original  organism. 
Good  examples  of  this  arc  afforded  by  the  lowly  organised 
unicellular  Algae  and  Fungi.  This  mode  of  vegetative  re- 
production is  merely  a  process  of  cell-division  essentially  the 
same  as  that  which  takes  place  in  the  growing  members  of 
multicellular  plants,  with  this  difference,  however,  that  whereas 
in  a  multicellular  plant  the  products  of  cell-di\  ision  remain 
coherent  and  add  to  the  number  of  the  cells  of  which  the 
plant  consists,  in  a  unicellular  plant  the  products  of  division 
separate  and  thus  come  to  constitute  new  individuals. 

Vegetative  reproduction  also  takes  place  to  a  greater  or 
less  extent  fn  plants  of  higher  organisation.  In  the  simplest 
case,  parts  of  the  body,  not  specially  modified,  become  sepa- 
rated from  each  otiier,  and  each  may  constitute  a  new  indi- 
vidual. For  instance,  it  commonly  happens  in  Mosses  that 
the  main  stem  gradually  dies  away  from  behind  forwards,  so 
that  the  lateral  branches  become  isolated,  and  each  of  these 
then  comes  to  be  an  independent  Moss-plant.  In  fact,  under 
artificial  conditions,  almost  any  part  of  a  plant  may  subserve 
vegetative  reproduction.  I 'or  instance,  the  stem,  the  leaves, 
the  rhizoids,  or  the  -ju  logonium,  of  a  Moss  may  be  induced 
by  appropriate  cultivation  to  give  rise  to  filamentous  pro- 
tonema  on  which  new  Moss-plants  are  developed  as  lateral 
buds.  Again^  a  great  number  of  our  garden-plants  are  pro- 
pagated by  means  of  "  cuttings" ;  that  is,  a  shoot  is  removed 
from  a  plant  and  is  induced  to  develope  roots  and  thus  to 
constitute  a  eomplcte  plant.  In  the  case  of  some  of  the 
Begonias  artificial  propagation  is  effected  by  inducing  adven- 
titious budding  on  portions  of  isolated  leaves,  each  bud  de> 
veloping  into  a  new  plant 

In  a  great  number  of  plants  vegetative  reproduction  is 
effected  by  means  of  specially  modified  embryonic  shoots  or 
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buds.  In  Lichens,  for  instance,  there  are  the  soredia^  which 
aie  minute  buds  containing  both  algal  and  fungal  cells ;  these 
are  formed  in  large  numbers  on  the  thallus,  and  each  is 
capable  of  developing  into  a  new  thallus.  Among  the  Algae, 
there  are  the  gemma  of  the  Sphacelariae,  the  "  propagula"  of 
some  Florid eaj,  and  in  the  Characeae  the  bulbils  or  "  starch- 
stars"  o{  Cliara  stdligera,\iW\c)R.  are  underground  nodes,  the 
branches  with  naked  base  and  the  pnuDibryonic  brandies  found 
by  Pringsheim  on  old  nodes  of  Qiara  Jragilis,  In  the  Mosses^ 
small  tuberous  bulbils  frequently  occur  on  the  rhlzoids^  and 
in  many  cases  (Bryum  armoHnum^  Aulacomnian  androgymm, 
Tein^kis  pellucida,  etc)  stalked  fusiform  or  lenticular  gemmae 
containing  chlorophyll  are  produced  on  the  shoots,  either  in 
the  axils  of  the  lea\  es  or  in  a  special  receptacle  at  the  summit 
of  the  stem.  Gcmmn^  of  this  kind  arc  also  produced  in  large 
numbers  in  special  receptacles  on  the  thalloid  stem  of  Mar- 
chantia  (see  fig.  49,  p.  426)  and  Lunularia  among  the  Liver- 
worts, as  well  as  by  the  prothallia  of  some  Ferns.  In  many 
cases  {Nephrolepis  ttiberosa^  Lycopodium^  LUium  bulbiferumt 
etc.),  the  buds  borne  on  the  shoot  become  swollen  and  filled 
with  nutritive  substances,  constituting  bulbils,  which,  when  ] 
they  fall  oft"  and  germinate,  give  rise  to  new  plants.  In  a  few 
plants  adventitious  buds  are  formed  which  subserve  vegeta- 
tive propagation.  In  Bryophyllum  Calydnuvt  (Crassulaceae) 
and  many  Ferns  (Nepkrodium  (Lastfod)  Filix  mas,  AspU-^ 
nium  {Athyrinm)  Filix  fcmina^  and  other  species  of  As- 
pleniiim),  such  buds  are  formed  on  the  leaves.  A  curious 
case  of  this  has  been  observed  by  Stra;  1  .;cr  in  Ca'U'bogyne 
ilicifolia,  Funkia,  Citrus,  and  Nothoscoi luini  fragraus.  In 
these  plants  adventitious  budding  takes  place  from  the  cells 
of  the  tissue  of  the  nucellus  which  leads  to  the  appearance  of 
one  or  more  embryos  in  the  embryo*sac  The  most  familiar 
instance  of  reproduction  by  means  of  buds  is  afforded  by  the 
bulbous  plants.  These  plants  are  annuals,  and  each  during 
its  life  produces  at  least  one  modified  subterranean  bud,  ' 
termed  a  corm  or  a  bulb,  from  which  a  new  plant  is  developed 
in  the  succeeding  year.  Other  organs  may  also  be  modified  | 
to  subserve  vegetative  propagatioa   Thu8»  the  Potato-plant 
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IS  propagated  by  means  of  tubers  which  arc  modified  sub- 
terranean shoots  bearing  numerous  buds;  and  the  Dahlia, 
by  means  of  its  tuberous  roots  which  give  rise  on  germinatioa 
to  shoota 

Although  vegetative  reproduction  is  in  many  cases  very 
eiTectual,  yet  alt  plants  possess  the  property  of  reprodudng 

themselves  by  means  of  spores. 

A  spore  is  a  single  cell,  a  statement  to  which  the  "  n-mlti- 
cellular"  or  better  the  "  compound*'  spores  of  some  Jrungi  arc 
not  real  exceptions^  for  these  are,  in  fact,  spore-a^regate& 
It  consists,  in  the  majority  of  cases»  of  a  nucleated  mass  of 
protoplasm,  enclosing  starch  or  oil  as  reserve  nutritive  material, 
surrounded  by  a  cell-wall.  In  those  cases  in  which  the  spore 
is  capable  of  ^germination  innnediately  on  the  completion  of 
its  development,  the  cell-wall  is  a  single  delicate  membrane 
consisting  of  cellulose ;  but  in  those  cases  in  which  the  spore 
may  have  to  or  must  necessarily,  pass  through  a  period  of 
quiescence  before  germination,  the  wall  is  thick  and  may  con- 
sist of  two  layers,  an  inner,  the  enda^are^  which  is  delicate 
and  consists  of  cellulose,  an  outer,  the  exospart,  which  b  thick 
and  rigid,  frecjuently  dark-coloured  and  beset  externally  with 
spines  or  bu^.^es,  and  which  consists  of  ciitin.  In  some  jjlant^, 
particularly  among  the  Algae  and  also  in  some  Fungi  (Pero- 
nosporeae,  Saprolegnies,  Myxomycetes,  Chytridiacese),  spores 
are  produced  which  are  for  a  time  destitute  of  any  cell-wall, 
and  are  further  peculiar  in  that  they  are  motile,  on  which 
account  they  are  termed  Boosports,  They  move,  sometimes 
in  an  amoeboid  manner  by  the  protrusion  of  pseudopodia,  but 
more  frequently  by  means  of  cilia  (see  p.  I).  The  zoospore 
eventually  comes  to  rest,  surrounds  itself  with  a  cell-wall, 
and  tlien  germinates.  In  any  case,  a  spore  is  a  cell  which 
is  capable,  by  itself,  of  giving  rise  to  a  new  individual  on 
germination. 

The  main  point  concerning  the  development  of  spores  is 
that  they  are  produced  in  one  of  two  ways,  either  asexmUy 

or  sexually.  In  the  former  case  they  are  dncciiy  produced 
from  the  protoplasm  of  a  single  reproductive  organ,  to  which 
we  may  apply  the  general  term  Sporangium  ;  hence  we  speak 
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of  the  sporangium  as  being  an  asexual  reproductive  orgati.  In 
the  latter  case  the  spores  are  not  formed  from  the  protoplasm 
of  a  single  reproductive  organ,  but  from  the  fused  protoplasm 

of  two  distinct  reproductive  organs.  A  reproductive  organ 
which  is  incapable  of  pruaucing  spores  from  its  own  proto- 
plasm is  a  sexual  reproductive  orga)i ;  and  the  fusion  of  the 
protoplasm  of  two  such  organs  which  leads  to  the  forma- 
tion of  spores  constitutes  what  is  known  as  the  sexual 
process. 

The  mode  in  which  the  sexual  process  is  effected  is  by  no 

mcanr^i  the  s^imc  in  all  plants.  Without  entering  at  present 
into  minute  details,  it  may  be  pointed  out  that  it  is  usually 
preceded  by  a  process  of  cell-formation  in  one  or  both  of  the 
organs  concerned.  The  cells  thus  formed  are,  like  the  spores, 
reproductive  cells,  but  unlike  the  spores  they  are  not  capable, 
each  by  itself,  of  giving  rise  to  a  new  individual ;  it  is  only 
when  two  of  these  imperfect  reproductive  cells,  sexual  repro- 
ductivc  cells,  or  gmnetes,  as  the)-  arc  termed,  coalesce,  Llial  a 
fertile  cell,  a  sexually  produced  spore,  is  lorined. 

Heiorc  entering  into  detail  with  regard  to  these  two  modes 
of  spore-formation,  we  may  note  the  fact  that  a  suppression 
of  spore^formation,  either  sexual  or  asexual,  may  occur,  and 
vegetative  reproduction  be  substituted.  For  instance,  you  are 
aware  that,  in  the  case  of  Ferns,  the  fern -plant  produces 
spores  which  j^nve  rise  tu  [n'othallia  on  gcrmiuation.  N'<jw 
15o\vcr  has  ascertained  in  the  Fern  Athyriuni  Fdix  Jatnina 
var.  clanssutia,  that  the  sporangia  do  not  produce  spores, 
but  that  some  of  them  grow  out  directly  into  prothallia; 
that  there  is  a  substitution  of  vegetative  reproduction  for 
reproduction  by  means  of  asexually  produced  spores,  a  sub- 
stitution which  is  termed  apospory.  A^ain,  you  are  aware 
that  the  fern-plant  is  normally  developed  from  the  sexually 
produced  spore  (oospore)  formed  by  moans  of  the  sexual 
reproductive  organs  of  the  prothallium.  Now  Farlow,  de 
Bary,  and  Sadebeck,  have  observed  cases  {Pteris  cretica,  Aspi- 
dium  Filix  mas^  var.  cristatum,  Aspidium  falcatutHy  Todea 
ttfrieand)  in  which  the  fern-plant  is  developed  as  a  bud 
from  the  prothallium  without  the  intervention  of  tiic  sexual 
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reproductive  organs.  In  this  case  there  is  a  substitution 
of  vegetative  reproduction  for  reproduction  by  means  of  a 
sexually  produced  spore^  a  substitution  which  is  a  case  of 
what  is  termed  vegetaHve  apogatf^. 

The  asexual  production  of  spores  is  common  to  nearly  all 
families  of  plants.  In  the  simplest  case  of  spore-production, 
of  wliich  f)lants  of  low  organisation,  such  as  Nostoc  and 
Bacillus,  afford  examples,  the  spore  is  formed  from  the 
entire  protoplasm  of  a  single  cell  of  the  plant,  which  surrounds 
itself  with  the  characteristic  thick  cell-wall.  In  other  plants, 
somewhat  more  highly  organised  in  this  respect,  the  proto- 
plasm of  a  cell,  not  specially  modified  but  which  may  be 
regarded  as  a  rudimentary  sporangium,  undergoes  division, 
each  portion  constituting  a  spore.  Examples  of  this  are 
afforded,  among  unicellular  plants,  by  Yeast  and  Protococcus, 
and  in  multicellular  plants  by  the  Confervoidex,  the  Ulvacea? 
and  some  Floridex.  In  still  more  highly  organised  plants 
special  organs  are  differentiated  for  Uie  production  of  spores, 
and  in  the  majority  of  these  plants  the  special  organ  is 
a  sporangium,  that  is  a  capsule  in  the  interior  of  which 
the  spores  are  developed.  In  the  Fungi,  however  {e.g.  some 
Mucorini  such  as  Cha^tocladium,  the  Ustilagineae,  the  Ento- 
mophthorea;,  the  Pcronosporea^,  the  Ascomycetes.  the  Urc- 
dinese,  the  Basidiomycetes),  the  spores  are  produced  by  ab- 
striction  from  hy^hst  which  are  termed  ymoK^y  amidicpkms 
or  ifosidm. 

As  instances  of  plants  in  which  the  nscxual  production  of  spores  either 
dcNSs  not  take  place  or  is  rare,  the  foUowing  may  be  mentioned: 

Aiga:  Zygnemeae^  Desmtdieae>  Fucaceee^  Characee,  some  Florideae 
{e.g»  Lemaneaceae). 

Fungi:  Peronosporea ;  Pythium  vexatis^  Artotrot^tw 

Saprolegniea;  AMcylistes  Ciosttrii^  A  planes  BrmtmL 
Axom/cttts  :  Ascobolus  furfuracmsy  Pyroncma  {Pesiza)  con- 
fluenSy  GymnorisciTs,  Ercmascus,  Sordaria  'Hy. 
pocopra),  Collemacese  and  other  Licben-fungL 

In  many  cases,  in  speaking  of  ascxually  piuduced  spores, 
a  prefix  is  added  to  the  word  "spore,"  or  an  altogether 
different  term  may  be  euipioyed,  in  order  to  mark  some 
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peculiarity  in  this  mode  of  their  origin,  to  indicate  the  order 
of  their  development,  to  assign  them  without  periphrasis  to  a 
particular  group  of  plants,  etc.    Thus,  as  has  been  already 

mentioned,  zoospores  are  motile  spores :  stylospores  are  spores 
which  are  developed,  not  in  sporanj^ia,  but  by  abstriction 
as  described  abo\c:  tctrasporcs  is  the  name  given  to  the 
asexually  produced  spores  of  the  Florideae  to  denote  the  fact 
that  usually  four  spores  are  produced  by  the  division  of  the 
mother*cell :  the  uredo^ris  of  the  Uredines  are  those  which 
are  produced  during  the  summer,  whereas  the  Ukutospares  of 
these  Fungi  are  those  which  are  formed  in  the  autumn  at  the 
close  of  the  season  of  growth.  The  spores  of  the  Fungi  are 
sometimes  spoken  of  generally  as  coiiidia,  and  the  word  gotiidia 
is  sometimes  applied  to  the  spores  of  the  Algie.  Certain  vas- 
cular plants,  constituting  the  Rhizocarps  (Hydropteridex), 
the  Ligttlatae,  and  the  Phanerogams,  produce  spores  of  two 
kinds,  and  are  therefore  said  to  be  keUrasforaus,  therein 
differing  from  their  allies  the  Ferns,  Equisetums,  and  Lyco- 
podiums,  which  produce  spores  of  one  kind  only,  and  are 
therefore  said  to  be  isosporotts  or  Juvnosporous.  The  two  kinds 
of  spores  differ  in  size,  and  also  in  that  they  give  rise  to 
different  oxganisms  on  germination.  On  account  of  their 
difference  in  size  they  are  distinguished  as  large  spores  or 
macrospores  and  small  spores  or  microspores^  and  the  organs 
producing  them  are  termed  respectively  macrosporangia  and 
inicrosporangia.  In  the  Phanerogams  these  organs  aic  inorc 
famili.iily  known  by  other  names;  in  this  i^ruup  of  plants 
the  macrosporangium  is  termed  the  ovuk^  and  the  macro- 
spore,  the  effibryo-sac ;  the  microsporangium  the  poUm-sae^ 
and  the  microspore,  the  polUn-grcan,  In  some  of  these  plants 
there  Is  the  further  peculiarity  that  the  spore  is  not  liberated 
from  the  sporangium,  but  germinates  there:  this  is  the  case 
with  regard  to  i\\v  microspores  of  Salvinia  among  the  Rhizo- 
carpa!,  and  with  rci^ard  to  the  macrospores  (embryo-sacs)  of 
the  Phanerogams.  This  peculiarity  in  the  Phanerogams, 
leads,  as  we  shall  subsequently  learn  more  fully,  to  the  pro- 
duction of  that  structure,  the  seed,  which  is  characteristic  of 
these  plants.  The  production  of  a  seed  constitutes^  in  fact, 
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the  only  real  and  constant  distinction  between  Phanerogams 
and  Cryptogams. 

In  plants  of  comparatively  low  oiganisation  the  ocgans 
which  give  rise  to  the  asexually  produced  spores  are  usually 
not  confined  to  a  particular  part  of  the  plant,  though  an 
instance  of  this  is  affcjrdcd  by  the  pycnidia  of  the  Pyrcnomy- 
cctous  Ascom}'cctes.  \\hicli  are  receptacles  in  which  the 
stylospores  are  produced.  In  the  Muscinea;  the  production 
of  spores  only  takes  place  in  the  capsule,  which  always  con- 
stitutes a  considerable  portion,  and  in  some  cases  (Ricda) 
the  whole,  of  the  body  of  the  individual  In  the  vascular 
plants  (Pteridophyta,  Phanerogams)  the  sporangia  are,  speak- 
iiii;  i^cncrally,  confined  to  the  leaves.  In  many  of  the  Pteri- 
(lo})h\'ta  the  sporarv^iferous  leaves  do  not  differ  in  apjiearancc 
from  the  foliai^e-leaves ;  but  in  others  they  differ  more  ur 
less  widely  from  them,  as  in  the  Equisetaces,  Marsiliaccs, 
some  species  of  Lycopodium  and  Selaginella,  and  notably  in 
Phanerogams.  When  the  sporangiferous  leaves  differ  widely 
from  the  foliage-leaves  in  size,  form,  or  colour,  they  are 
usually  aggregated  together  in  groups  on  a  branch,  and  such 
an  a^e^regate  oi  sporangiferous  leaves  constitutes  what  is 
known  as  a  Jiower.  In  the  Phanerogams  the  modification 
of  the  sporangiferous  leaves  is  so  great  that  they  have  re- 
ceived special  names;  those  which  bear  the  macrosporangia 
(ovules)  are  termed  carpels^  and  those  which  bear  the  micro- 
sporangia  (pollen*sacs)  are  termed  stamens. 

We  pass  now  to  the  consideration  of  the  sexual  pro- 
duction of  s[)()rcs.  This  mode  of  spore-formation  is  known  to 
take  place  in  nearly  all  families  of  plants  above  the  Proto- 
phyta;  and  in  those  in  which,  in  spite  of  careful  observation,  it 
cannot  be  detected,  its  absence  is  to  be  ascribed,  no^  as 
in  the  case  of  the  Protophyta,  to  the  non-development  of 
sexuality,  but  to  sexual  degeneration. 

The  following  arc  plants  or  families  of  plants  in  which  no  sexual 
spore^foraiation  has  yet  been  discovered: 

Atgat:  Cyanophycccc  (Phycochromacese);  Protococcacea: ;  Spba- 
celarise;  Lammatieie. 

FuHf^i:  Schifomycetea ;  Sacduuromycetes ;  Myxomycetet ;  bome 
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Chytridieae  ;  probably  m  iny  Muco»-ini  ;  a  few  Peronosporeae  (probably 
Phytophfhom  iiift  ffaus'  and  i'yihitun  intermedium)  \  some  Ascomycctes 
and  Uredincic  J  liasidioinycetes. 

In  the  plants  just  enumerated,  not  only  are  spores  not 
formed  sexually,  but  the  existence  of  sexual  organs  is 

unknown;  these  plants,  so  far  as  we  know,  are  entirely 
asexual  and  are  reproduced  only  either  vegctatively  or  by 
means  of  asexually  produced  spores.  In  many  other  cases, 
which  we  shall  subsequently  discuss,  we  meet  with  an  absence 
of  sexuality  which  is  less  complete ;  in  these»  namely,  organs 
which  are  morphologically  sexual  organs  make  their  appear- 
ance, but  instead  of  producing  sexual  reproductive  cells,  they 
produce  cells  which  arc  capable  each  by  itself  of  giving  rise 
to  a  new  individual ; — in  a  word,  they  are  physioloj^ically 
sporangia  producing  spores.  This  substitution  of  an  asexual 
for  a  sexual  production  of  spores,  is  another  form  of  apogamy, 
and  is  distinguished  as  parthemgenesis. 

The  most  satisfactory  method  of  arriving  at  a  compre- 
hcnsion  of  the  sexuality  of  plants  is  to  study,  on  the  one 
hand,  the  development,  and,  on  the  other,  the  degeneration  of 
sexuality,  and  this  method  we  will  now  pursue.  We  will,  in 
the  first  place,  trace  the  development  of  sexuality  in  the 
plants  containing  chlorophyll,  beginning  with  the  simplest 
Algc-e,  and  then  we  will  consider  the  degeneration  of  sexuality 
with  special  reference  to  the  Fungi. 

It  has  been  already  mentioned  that  the  protophytic  Algaj 
only  produce  spores  asexually,  but  in  some  forms  a  diffe- 
rentiation of  these  spores  can  be  detected.  In  Haematococcus, 
for  instance  (see  Lect.  i,  p.  i),  zoospores  are  produced,  but 
the  zoospores  are  not  all  precisely  alike.  In  some  cases 
the  protoplasm  of  the  cell  divides  only  once  or  twice,  the 
result  being  the  formation  of  two  or  four  relatively  large 
zoospores,  called  inacrozoospores ;  in  otiiers  the  protoplasm 
divides  a  greater  number  of  times  so  that  a  considerable 
number  of  relatively  small  zoospores,  called  microzoospores, 
are  produced.  Functionally  these  zoospores  are  all  alike; 
they  all  come  to  rest,  and  each  constitutes  a  new  Hiemato- 
coccus. 
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Amonp;^t  the  Confervoidese,  which  are  somewhat  more 
highly  organised  than  the  protophytic  Alc[^,  wc  find  form?,  of 
which  Uloiiirix  may  be  taken  as  an  example,  wliich  likcw  iso 
produce  macro-  and  microzoospores.  The  inacrozoospores 
simply  come  to  rest  and  germinate.  The  microzoospores 
may  also  behave  in  this  way;  but,  as  Dodel-Port  observed, 
they  not  infrequently  coalesce  In  pairs,  producing  by  their 
coalescence  a  single  cell  of  the  nature  of  a  spore  which 
on  genuiucition  gives  rise  to  a  new  Ulothrix-filament. 


Fig.  65  (after  Dodcl-Port).    J  coniui^aling  microzoospores  of  Ulothrix. 

niacrozoospore  of  Ulothrix. 

Comparif^  Ulothrix  with  Haematococcus^  we  see  that  m 
both  plants  the  macrosoospores  are  asexual  leproducthw 
cells,  that  is,  spores.   This  is  true  also  of  the  microzoospores 

of  H.ematococcus,  but  only  to  a  limited  extent  of  the  micro- 
zoospores of  Ulothrix,  for,  instead  of  each  p^erminating  in- 
dependently, they  may  coalesce  in  pairs,  that  is,  go  through  a 
sexual  process.  The  microzoospores  of  Ulothrix  are  repro- 
ductive cells  which  are  intermediate  between  the  altogether 
asexual  microzoospores  of  plants  like  Hasmatococcus  on  the 
one  hand,  and  the  altogether  sexual  reproductive  cells  of  the 
higher  plants. 

The  coalescence  in  pairs  of  the  microzoospores  of  Ulothrix 
is  an  instance  of  one  of  the  simplest  modes  of  the  sexual 
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process.   When,  as  in  this  case,  the  two  coalescing  cells 

are  externally  quite  similar,  the  term  conjugation  is  applied 
to  the  process;  the  coalescincf  cells  are  siinj)ly  terincd  ganietts^ 
or,  when  as  in  this  case  they  arc  ciliated  and  motile,  piano- 
gametes;  and  the  spore  resultinj^  from  the  coalescence  is 
termed  a  zygospore.  The  cell  in  which  the  gametes  are 
produced  is  termed  9l  gametangium. 

In  5?ome  of  the  Siphoneae,  such  as  Acetabularia  and  Botry- 
ciiiini,  the  asexually  produced  spores  arc  ordinarily  rcsting- 
spores,  thouc^h  an  ad\'cntitioiis  production  of  unicihate  zoo- 
spores may  take  place  in  Botrydium.  On  germination,  the 
protoplasm  of  the  resting-spore  undergoes  division  to  form  a 
number  of  ciliated  cells  which  are  set  free.  In  Acetabularia 
these  cells  are  sexual,  conjugating  in  pairs;  they  are  piano- 
gametes,  and  the  cell  producing  them  a  gametangium.  This 
is  true  also  in  the  case  of  Botrydium  provided  that  the 
germinating  resting-spore  is  young.  When  the  resting-spore 
Is  old,  the  cells  to  which  it  gives  rise  on  germination,  as 
Rostafinski  and  Worontn  point  out,  do  not  conjugate,  but 
develope  independently,  though  they  are  externally  similar 
to  the  planogametes.  We  have,  in  fact,  a  case  of  partheno- 
genesis. 

On  reviewing  the  foregoing  facts,  we  see  that  the  entirely 
sexual  planogametes  of  Acetabularia  can  be  traced  back, 
through  Botrydium  and  Ulothrix,  to  the  entirely  asexual 
microzoospores  of  Hsematococcus.  We  may  conclude  that  all 
gametes  are  derivatives  of  the  spore,  and  that  all  sexual 
rcproducLivc  organs  arc  derivatives  of  the  sporangium;  in 
a  word,  that  sexual  has  arisen  out  of  asexual  reproduction. 
To  this  point  we  shall  again  refer  subsequently. 

Up  to  this  point  we  have  had  to  deal  with  gametes  which 
are  externally  similar,  but  in  our  further  discussion  of  the 
subject  we  come  now  to  gametes  which  are  more  or  less 
dissimilar  either  in  the  size  or  form,  or  in  the  part  which  they 
take  in  the  sexual  process.  These  external  diiiLiences  are 
indications  of  a  physiological  difference  which  constitutes 
sex.  Without  entering  at  present  into  a  discussion  of  the 
nature  of  sex,  which  we  reserve  for  a  future  occasion,  it  may  be 
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pointed  out  that  a  sexual  difierence  probably  exists  evrn 
when  the  gfametes  are  externally  similar;  that  one  of  them  is 

vialc  and  the  other  female.  This  is  indicated  by  the  fact 
that  a  planogametc  of  Ulothrix  or  Acetabularia  will  only 
conjugate  with  another  derived  from  a  difl'ereot  garnet- 
angium;  and,  in  the  case  of  Dasycladus,  conjugation  only 
takes  place  between  planogametes  derived  diffeieiit 
individuals. 

We  will  now  trace  the  gradual  external  dtflferentiatioo 

of  the  gametes.  In  Ectocarpus  siliailosus  ^ndi  in  Scytosiphon, 
Alg.e  belonging  to  the  group  of  the  Pha^osporea-.  there 
are  two  kinds  of  reproductive  organs,  the  unilocular  and 
the  multilocular,  which  both  give  rise  to  motile  and  ex- 
ternally similar  reproductive  cells.  Those  produced  in  the 
unilocular  organ  germinate  independently;  Uiey  are,  in  fact, 
zoospores,  and  the  organ  producing  them,  a  sporanginni. 
Those  produced  in  the  multilocular  organs  may  germinate 
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independently,  but  they  have  been  observed  to  conjugate 
in  pairs.  Thus,  like  the  microzoospores  of  Ulothrix,  they 
exhibit  incomplete  sexuality.  The  process  of  conjugation, 
as  described  by  Berthold,  indicates  that,  though  externally 
similar,  the  planogametes  are  physiologically  different  One 
of  them,  namely,  comes  to  rest  and  withdraws  its  ctHa;  the 
other,  remaining  motile,  approaches  aiul  coalesces  with  the 
former.  The  planogamete  which  is  passive  in  the  process  is 
the  female,  the  one  which  is  active  is  the  male. 

In  Cutleria«  another  of  the  Phsosporeae,  the  sexual  diffe- 
rence is  more  marked.  To  begin  with,  there  are  two  kinds  of 
gametangia  which  are  obviously  different  from  each  other: 
the  one  consists  of  a  large  number  of  small  cells,  and  produces 
a  large  number  of  small  planogametes:  the  other  consists  of  a 
relatively  small  number  of  large  cells»  and  gives  rise  to  a  few 
large  planogametes.  The  sexual  process,  as  described  by 
Falkenberg,  consists  in  the  coalescence  of  one  of  the  small 
planc^ametes  with  one  of  the  large  one&  The  large  piano- 
gamete  has  but  a  short  period  of  motility;  it  soon  comes  to 
rest,  withdraws  its  cilia,  and  rounds  itself  off,  the  hyaline 
pointed  end  of  the  planogamete  becominn;-  the  nxcptivc  spot  of 
the  resting-cell,  the  spot,  that  is,  at  which  the  small  pi  in<^- 
gamete  will  coalesce  with  it.  The  large  planogamete  is  clearly 
female,  and  the  smaller  one  male. 

In  the  Fucaceae  the  sexual  reproductive  organs  are  very 
different  from  each  other,  and  the  gametes  differ,  not  only  in 
size,  but  in  that  the  female  cell  is  not,  whereas  the  male  cell 
is,  a  planogamete.  The  female  gametes  are,  it  is  true,  ex- 
truded from  the  organ  producing  them,  but  they  are  not 
motile.  When  the  difference  between  the  sexual  ofgans  and 
cells  is  so  well-marked  as  this»  special  terms  are  employed. 
The  female  gamete  is  now  called  an  oospkere,  the  male,  an 
ant/icrocoid :  the  organ  producing  the  oosphere  is  termed  an 
oo^vani ui^  'Awd  that  producing  the  antherozoid,  an  aiithcridimn. 
Inasmuch  as  the  female  gamete  is  wholly  passive,  the  sexual 
process  is  termed  fertilisation,  the  female  gamete  being  said 
to  be  fertilised  by  the  male.  The  product  of  the  sexual 
process,  the  fertilised  oosphere,  is  termed  an  oospore, 
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In  such  forms  as  Coleochaetc,  Vaucheria,  Oedocfonium, 
Volvox,  Sph.xropica,  and  the  Characeae,  the  distinction  of  sex 
attains  its  fullest  expression,  in  that  the  oospherc  has  lost 
every  trace  of  its  primitive  planogamete  character.  In  these 
Algae  it  is  not  extruded  from  the  oogonhim,  but  is  fertiUsed 
there  by  an  antherozcHd  which  makes  its  way  into  the  orgUL 
In  Vaucheria  and  Oedogonium  the  oosphere  pfesents,like  the 
large  planogamete  of  Cutlcria,  a  well-defined  receptive  spot  at 
which  the  entrance  of  the  antherozoid  into  the  oosphere  takes 
place. 


Fig.  67  (after  Pringsheim).  Reproduction  of  Oedorjonium.  A  zoospore. 
B  fertilisation.  0^  oogonium,  os  oosphere.  an  anthcridium  (dwarf-male)> 
ad  antherozoid  entering  s  the  receptive  spot  of  the  oosphere. 


*  This  state  of  things,  which  is  in  fact  the  most  perfect  | 
manifestation  of  sex  which  is  attained  among  plants,  obtains 
throughout  the  Mosses  (Muscines)  and  the  Vascular  Crypto-  , 
gams  (Pteridc^yta).   In  all  these  plants  there  is  a  female 
organ,  the  arck^miumt  in  which,  as.  in  the  oogonium  of  the  i 
Alga^,  the  female  cell,  the  oosphere,  is  developed :  the  arche- 
gonium  differs  from  the  oogonium  in  this  respect  only,  that 
whereas  the  former  is  usually  multicellular,  the  latter  is  usually 
unicellular.    The  male  cells  in  these  plants  arc  antherozoidSy 
and  the  organ  in  which  they  are  developed  is  termed  an 
antheridium.  The  antheridium  of  these  higher  plants  dtfTers 
from  that  of  the  Algae  in  that  it  is  multicellular,  whereas  hi 
the  Algae  it  is  commonly  unicellular,  though  to  this  there  are 
exceptions,  notably  the  Characcx,  in  which  group  the  anthcri- 
dium is  multicellular  and  of  highly  complex  structure.  la 
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connexion  with  the  comparative  structure  of  the  antheridium 
it  may  be  mentioned  that,  in  the  Muscinese  and  the  Vascular 
Cryptogams,  each  antherozoid  is  developed  singly  in  a  mother- 
celL  This  Is  the  case  in  some  of  the  Algae,  such  as  the 
Characeae,  Coleochaete,  and  Oedogonium,  but  in  the  others, 
such  as  Volvox,  Vaucheria,  Sphaeroplea,  Fwcus,  the  anthero- 
zoids  are  formed  in  considerable  numbers  from  the  protoplasm 
of  one  and  the  same  cell. 


Fig.  tfS  <ttftcr  Strttbaiger).  {A)  Aichegoolum  of  a  Mow  with  antheroooids  ; 


We  have  now  completed  the  task  of  tracing  the  develop- 
ment of  sexuality  and  the  diflcrentiation  of  the  sexual  cells 
from  the  first  indications  to  the  culminating-  point.  Beginning 
with  the  entirely  asexual  microzoosporcs  of  Haematococcus, 
we  have  passed  through  the  imperfectly  sexual  cells  of 
Ulothrix  and  Botrydium*  to  the  completely  sexual  piano- 
gametes  of 'Acetabularia;  and  beginning  again  with  the 
entirely  similar  planogametes  of  Acetabularia,  we  have  passed 
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through  the  incompletely  differentiated  planogametes  of  Ecto- 
carpus  and  Cutleria  to  the  highly  differentiated  gametes  of 
Fucus  and  the  h^er  Algae,  the  Musctneae,  and  the  Pterido- 
phy  ta.  In  all  these  cases  the  product  of  the  coalescence  of  tiie 
two  sexual  cells,  whether  externally  different  or  similar,  is  a 
cell  which,  unh'kc  the  two  cells  which  fuse  to  form  it,  is  capable 
by  itself  of  developing  into  a  new  individual ;  in  a  word,  it  is 
a  sexually  produced  spore. 

Before  passing  to  the  consideration  of  sexuality  in  the 
Fungi,  we  may  conveniently  discuss  the  peculiar  modes  of  the 
sexual  process  which  are  characteristic  of  certain  groups  of 
plants  which  possess  chlorophyll,  namely,  the  Conjugatae  and 
the  Floridcde  among  the  Algse,  and  the  Phanerogams. 


c  JL  B 


Fig.  <S9  (after  Strasbaigia^.  Sti^  in  the  ooDjqgatioa  of  Spirqgyim. 

The  group  of  the  Conjugatae,  including  the  Zygnemeae, 
Mesocarpeae,  and  Desmidieae,  is  made  up  of  plants  ¥^tdi  are 
either  unicellular,  or  consist  of  filaments  of  similar  cells.  In 

all  these  plants  the  sexual  process  is  of  this  kind,  that  the 
walls  of  two  adjacent  cells,  whether  they  be  isolated  cells,  or 
whether  they  form  part  of  two  contiguous  filaments — or, 
rarely,  when  they  form  part  of  the  same  filament  (Rhynco- 
nema) — grow  out  towards  each  other  into  protuberances  which 
at  length  come  into  contact  The  partition  walls  then  undeigo 
absorption,  and  thus  a  channel  of  communication  is  set  up 
between  the  two  cell-cavities  (Fig.  69).  The  protoplasm  of 
the  two  communicating  cells  fuses  to  form  a  spore,  but  this 
fusion  does  not  take  place  in  quite  the  same  way  in  all  cases. 
In  the  Zygnemcit  (Fig.  69),  the  protoplasm  of  one  of  the  two 
cells  contracts  before  that  of  the  others  and  travels  through 
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the  canal  into  the  cavity  of  the  other  cell  and  then  fuses  with  its 
contracted  protoplasm.  In  the  Mesocarpes  and  the  Desmidieae 
the  protoplasm  contracts  simultaneously  in  both  cells,  and 
both  the  masses  travel  into  the  canal ;  so  it  Is  in  the  canal 
that  the  fusion  takes  place  and  the  spoce  is  formed. 

The  sexual  process  of  the  Diatomca:  differs  from  that  of  the  allied 
(  <M,jii{^it;u,  in  that  the  protoplasmic  contents  of  the  two  conjugating  cells 
escape  from  their  respective  cell-walls  as  a  preliminary  to  fusion.  It 
represents  a  mode  of  the  sexual  process  which  is  intermediate  in  character 
between  that  of  the  typical  Conjugate  and  the  conjugation  of  piano- 
gametes. 

In  comparing  these  modes  of  the  sexual  process  wi&  those 
with  which  we  have  already  become  acquainted,  we  see  at 

once  that  the  two  cells  in  quesUoii  constitute  rudiinciitary 
reproductive  organs  of  the  nature  of  gametangia,  resembling 
in  this  respect  the  ceils  of  a  Ulothrix-filament  But  whereas 
the  protoplasm  of  the  Ulothrix*cell  undergoes  division  into  a 
number  of  portions  which  are  set  free  as,  at  least  potential, 
planogametes,  that  of  the  cells  of  the  Conjugatae  does  not 
divide,  but  constitutes  a  single  gamete.  In  speaking  of  the 
sexual  process  in  the  Conjugat.ne,  the  process  is  termed  cunju- 
gation,  and  the  product  a  zygo^poi  r^  on  account  of  the  general 
similarity  of  the  gametes.  But  it  must  not  be  overlooked 
that  this  similarity  is  complete  only  in  the  Mesocarpex  and  in 
the  Desmidieae.  In  the  case  of  the  Zygnemeae,  it  is  dear  that 
the  gamete  which  is  formed  first  and  which  takes  the  more 
active  part  in  the  process  of  conjugation  must  be  regarded  as 
a  male  cell,  whereas  the  other,  fonind  later  and  passive  in  tlic 
process  of  conjuq-ation,  must  be  regarded  as  a  female  cell. 

In  the  Floridcaj  the  sexual  reproductive  organs  are  differ- 
entiatedf  but  it  is  only  the  male  organ  which  produces  sexual 
reproductive  cells.  In  the  simpler  forms  (Bangiaceae)  the 
male  cells  are  developed  several  t<^ther  from  the  protoplasm 
of  a  single  mother-cell,  whereas  in  the  higher  forms  each 
mother  cell  gives  rise  to  only  one  male  cell.  The  male-organ, 
or  antheridium.  may  consist  of  a  single  mother-cell  (f^, 
Batrachospermum)  or  of  a  cluster  or  gruup  of  mother-cells. 
The  male-cells  differ  from  the  antherozoids  and  gametes 
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already  described  in  that  they  are  not  naked  motile  masses  of 
protoplasm  like  these,  but  are  enclosed  in  a  cell-wall,  and  are 
not  inotile  :  tliey  are  sometimes  spoken  of  a«:  anthcrozuids, 
but  it  is  convenient  to  distinguish  them  as  spermatia.  The 
female  organ  also  is  peculiar.   It  may  consist  of  one  or  of 
many  cells ;  but  whatever  its  structure  it  always  presents  the 
following  characteristic  features :  it  is  permanently  closed  :  it 
exlubits  a  dtstincUon  Into  two  parts,  the  one  a  filamentous 
receptive  part,  termed  the  IricJiogyiic,  and  a  more  or  less 
dilated  portion,  the  carpogoniuin,  the  whole  orc^an  being  termed 
a  procarpium;  and  finally  no  female  reproductive  cell  of  the 
nature  of  an  oosphere  can  be  detected  witiiin  it.   The  sexual 
process  takes  place  in  this  manner.  Thespermatium  (antfaeio- 
zoid)  is  brought  passively  into  contact  with  the  trichogyne; 
complete  fusion  takes  place  so  that  the  contents  of  the  spenna- 
liuiii  pass  into  the  trichogyne.    When  this  has  occurred  the 
trichogyne  withers  and  changes  become  apparent  in  the  basal 
carpogonial  portion  of  the  procarpium.    If  it  is  unicellular  it 
divides,  and  if  multicellular  one  or  more  of  its  cells  (carpogemms 
ciiis)  divide,  and  by  a  process  of  buddii^  a  cluster  of  cells  is 
produced,  which  frequently  becomes  invested  by  an  upgrowth 
of  tissue  from  the  neighbouring  vegetative  cells  of  the  plant 
This  fructilication  is  termed  a  cystocarp.    The  cells  thus  pro- 
duced are  spores,  that  is  to  say,  they  arc  capable  cacli  by  itself 
of  giving  rise  to  a  new  pianti  and  they  are  distinguished  as 
carpospores  to  indicate  the  peculiarities  connected  with  theur 
production. 

The  sexual  production  of  spores  in  the  Florideae  is  of 
special  interest  in  that  it  affords  us  an  example  of  a  sexual 

process  taking  place,  not  as  in  the  cases  already  considered 
between  two  sexual  reproductive  cells,  but  between  a  repro- 
ductive cell,  the  spermatium,  on  tlie  one  side  and  the  undif- 
ferentiated protoplasm  of  a  female  organ  on  the  other.  It  is, 
as  we  have  seen,  only  as  a  consequence  of  fertilisation  by  the 
spermatium  that  a  formation  of  reproductive  cells  takes  place 
in  the  carpogonium ;  and  the  ceUs  then  formed  are  not  female 
reproductive  cells,  but  are  spores.  The  significance  of  the 
facts  is  this,  that  in  consequence  of  the  iusion  of  the  sperma- 
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tium  with  the  trichocryne  the  carpogenous  cell  or  cells  are  at 
once  fertilised  and  stimiilatt  d  to  cell-formation,  and  accordingly 
they  produce  the  carpo>|)t)i  c.s,  each  of  which  is  physiologically 
equivalent  to  a  zygospore  or  an  oospore,  inasmuch  as  it  is, 
like  them,  a  sexually  produced  spore. 

The  peculiarities  of  the  sexual  process  in  some  of  the  Floridea.*  are  so 
striking'  as  to  merit  brief  mention. 

In  the  Corallineae,  according  to  Solms-Laubach,  the  procarpia  are 
produced  several  together  in  a  conceptacle ;  it  is,  however,  only  the 
central  procarpia  of  the  group  whkh  are  capable  of  being  fertilised,  and 
it  is  only^  the  peripheral  procarpia  which  produce  carpospores ;  the 
former,  in  fact,  are  functionally  only  trichogynes,  the  latter  only  carpo- 
gonia.  After  the  fertilisation  of  the  central  procarpia,  the  carpogonia  of 
the  whole  of  the  procarpia  fuse  together  to  form  one  large  cell  from  the 
periphery  of  which  the  carpospores  are  budded  off ;  thus  a  number  of 
procarpia  eventually  give  rise  to  only  one  cystocarp. 

This  tendency  to  a  physiological  division  of  labour  is  more  marked  in 
Dudresnaya  and  a  few  other  Florideae.  In  these,  some  of  the  procarpia 
are  altogether  destitute  of  a  trichogyne,  whereas  others  possess  one. 
The  spermatia  fertilise  those  procarpia  which  possess  a  trichogyne,  but 
these  procarpia  do  not  produce  carpospores.  There  grow  out  of  them 
filaments  which  grow  out  towards  the  procarpia  which  have  no  trichogyne 
and  fertilise  them,  and  these  then  produce  carpospores. 

In  the  Phanerogams  the  sexual  organs  are  essentially  of 
the  nature  of  the  arch^onia  and  antlieridia  mentioned  above. 
In  most  of  the  Gymnosperms  the  female  organ,  though  com- 
monly  termed  a  corpuscuium,  is  in  fact  nothing  more  or  less 
than  an  archegonium.  In  the  Angiosperms  the  female  organ 
is  represented  by  a  group  of  three  cells,  termed  the  ^jgy- 
apparatus,  one  of  the  three  cells  being  the  oosphere  and  the 
other  two  the  syncrgida.  There  is  some  ground  for  the  view 
that  these  three  cells  represent  three  much  reduced  archegonia, 
only  one  of  which  is  directly  concerned  in  the  sexual  process. 
The  male  oigan  of  the  Phanerogams  is  a  unicellular  filament 
known  as  the  polien-tube.  It  is  a  male  organ,  the  protoplasmic 
contents  (jf  which  undergo  imperfect  differentiation  into  male 
gametes.  Just  before  fertilisation  takes  place — the  pollcn-tube 
being  already  in  close  relation  with  the  female  organ — the 
apex  of  the  pollen-tube  contains  protoplasm  and  a  nucleus, 
which  Strasburger  has  termed  iSx^  getteraiive  nucleus.  In  most 
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cases  the  generative  nucleus  dhndes  Into  two,  and  in  some 

(  1  a  second  nuclear  division  takes  place  At  the  tinne  of 
icrtilisation  one  of  the  nuclei  thus  produced  escapes,  to<,^ethcr 
with  a  certain  amount  of  protoplasm,  tli rough  the  mucilaginous 
apex  of  the  pollen-tube.  This  gamete,  as  we  may  term  it, 
enters  the  female  oigan,  makes  its  way  to  the  oosphere,  and 
fertilises  it 


Fig.  70  (after  StiMbaig.er).  LcmgitodiiuU  seetfon  of  the  ovule  of  an  Angioipeini 
(itfiMMlfvi^  Hypefi^nl\»  m  micxopylc*  sj^  sfMssffAst*  0  oospiicfa* 

In  the  Cupressineae  the  mode  of  development  is  somewhat  different, 
since  in  these<plants  one  poUen-tube  serves  for  the  fertilisation  of  several 
female  organs,  and  consequently  several  gametes  have  to  be  produced. 
The  first  division  of  the  generative  nucleus  in  the  pollen  tube  of  the 
Cupressincrr  is  followed  by  an  agt^rcp^ation  of  protoplasm  round  each  of 
the  two  new  nuclei,  so  that  two  primordial  cells  arc  formed.  Nucleus 
divibion  is  repeated  in  the  pnmortlial  cell  which  is  the  nearer  to  the  apex 
of  the  pollen-tube,  without  any  torrespundin<;  cell-formatirtn,  so  that 
several  nuclei  are  to  be  found  in  the  dilated  apex  of  the  pollen-tube; 
these,  with  a  certain  aniounl  of  protoplasm,  escape  as  gametes  throtij^h 
the  mucila;^in(jui>  apex  of  the  pollen-tube,  and  each  fertilises  the  oosphcrc 
ot  an  archcgonium. 
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Turning  now  to  the  Fungi,  we  find  that  in  the  lowest 
fonns,  the  Zygoms^cetes,  in  which  a  sexual  process  has  been 
observed  (Chytridiaceae,  e^,  Pofypkagus  Eu^tuB;  the  Muco- 
rini;  the  Entomophthores),  it  is  in  the  form  of  conjugation 


F'^ig.  71  (after  Strasburi^er).    Two  corpusciil;i  of  yuuipcrus  vin^itiiana  in 
process  of  fertili/ation.    c  endosperm,    ff  onsphtrc.    f  vaciu)Ie  of  uospliere. 
fp  female  pronucleus,    mp  male  j)ronuclcui.    r  robcLtc  or  neck  of  corpusculum. 
n  nucleus  in  dilated  end  of  pollen-tubc. 

with  the  production  of  a  zygospore.  The  conjugation  is  in 
nearly  all  cases  of  the  kind  described  above  in  the  Conjugats; 
that  is^  it  consists  in  the  coalescence  of  the  protoplasmic  con- 
tents of  two  externally  similar  sexual  reproductive  organs. 

Conjugation  of  planogametes  is  rare ;  it  has  been  described  by 
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Sorokin  as  occinrrifi^  in  two  plants,  Tetrachytrium  and  Haplo- 

cystis,  which  probably  belong  to  the  Chytridiacere. 

It  is  of  interest  to  note  that  in  various  Mucorini  {Absitfia 
septata  and  capUlata,  Mucor  fusiger,  Sporodinia,  always  ia 
Mticor  tenuis)  and  Entomophthoreae  (EntotHOphthora  radiams^ 
and  various  species  of  Empusa)  we  have  well-marked  instances 
of  sexual  degeneration.  Spores,  exactly  resembling  the 
zygospores,  are  produced  parthenogenetically  by  the  repro- 
ducLi\c  org  Ills.  In  some  cases  the  reproductive  orL,J.ik.  arc 
produced,  and  come  into  relation,  but  no  fusion,  no  sexual 
process  takes  place,  but  each  produces  a  zygospore  independ- 
ently. In  other  cases  an  isolated  reproductive  organ  produces 
a  single  zygospore.  Thes^  parthenogenetically  produced 
spores  are  termed  azygospons. 

In  Protomyces  and  the  Ustilagtuefle  a  peculiar  mode  of  conjugatbii 
has  been  observed.  Certain  reproductive  cells  of  an  dongated  form, 
termed  spcridtoy  are  produced,  and  these  become  connected  in  pain  by  a 
transverse  canals  so  ihat  they  then  resemble  the  letter  H.  No  sygospoie 
is  formed,  but  the  H-like  body  is  its  equivalent  The  question  of  the 
sexual  nature  of  this  process  is  still  under  discussion,  but  it  is  made 
probable  by  the  fact  that  in  aU  Mly  investigated  cases  the  sporidia 
are  incapable  of  independent  germination,  a  fact  which,  if  fuUy  estab~ 
lished,  would  prove  them  to  be  sexual  reproductive  cells.  But  agaunst 
this  there  is  to  be  set  Fisch's  observation  that  the  nuclei  of  the  conjugating 
sporidia  apparently  do  not  fuse. 

It  is  in  the  group  of  Fungi  which  we  may  term  the  Oomy- 
cetes,  that  the  sexual  process  attains  its  highest  development 
in  the  Fungi.  In  the  Ancylisteae,  which  may  be  regarded  as 
the  lowest  form  of  this  group,  the  sexual  process  shews  but 
a  slight  advance  on  that  obtaining  among  the  Zygomycetes. 
It  is  true  that  the  two  sexual  organs  differ  from  each  oihci  in 
external  appearance,  the  female  organ,  here  termed  an 
oogonium,  being  relatively  large  and  expanded  into  a  bulbous 
form,  whereas  the  male  organ,  the  antheridium,  is  filamentous 
and  relatively  small.  In  the  sexual  process  the  whole  of  the 
contents  of  the  antheridium  pass  over  as  a  gamete  into  the 
oogonium  and  fuse  with  the  whole  of  its  protoplasm,  the 
product  being  an  oospore,    li  may  be  incidentally  mentioned 
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that  a  male  organ  of  this  kind  is  not  uncommonly  distinguished 
as  a  poUinodium. 

In  the  PeronosporCcU  the  sexual  organs  differ  in  size,  the 
female  organ  (oogonium)  being  the  larger,  and,  as  in  the 
Zygomycetes  and  in  the  Ancylisteae,  they  arc  developed  in 
dose  relation  with  each  other.  But  there  is  this  well-marked 
advance  in  sexuality  that,  as  a  preliminary  to  fertilisation, 
there  is  a  process  of  cell-formation  in  both  of  the  organs.  In 
the  polHnodium  the  protoplasm  undergoes  differentiation  into 
a  delicate  hyaline  peripheral  layer,  which  de  Bary  has  termed 
the  periplasm,  and  a  granular  central  mass,  which  he  has 
termed  the  gonoplasm.  In  the  oogonium,  similarly,  a  layer  of 
periplasm  is  differentiated  from  the  granular  central  mass 
which  is  the  oosphere.  Just  before  fertilisation,  the  polHnodium 
puts  out  a  small  tubular  protuberance  which  penetrates  the 
wall  of  the  oogonium  and  extends  to  the  oosphere.  The  apex 
of  this  tube  then  opens  and  the  gonoplasm  of  the  pollinodium 
passes,  as  a  gamete,  through  the  tube  and  enters  the  oosphere, 
the  product  of  the  fusion  being  an  oospore.   (Fig.  72.) 


Fig.  72  (after  de  Bary).  Sexual  reproductive  organs  and  fertiltsatloii  of 
Pythium.  a  antheridium.  1^  oogonium,  os  oosphere.  In  the  right-hand  figure 
fartilitttioB  is  in  progress :  in  the  left-hand  figure  it  is  completed  and  the  oospore 
is  formed. 

The  sexual  organs  of  the  Saprolegnieae  closely  resemble 

those  of  the  Pcronosporcaj.  In  the  oogonium  a  process  of 
cell-formation  takes  place  which  results  in  the  production  of 
one  or  more  oospheres ;  but  there  is  this  difference  between 
this  process  and  that  which  takes  place  in  the  oogonium  of  the 
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Peronosporeae,  that  there  is  no  difTeretitiatioii  of  the  proto- 
plasmic contents  of  the  oogonium  into  periplasm  and  ooplasm, 
but  the  whole  is  employed  in  the  formation  of  the  oospheres. 
According  to  de  Bary  no  diiferentiation  takes  place  in  the 
protoplasm  of  the  pollinodium,  whereas  Pringsheim  asserts 
that  a  formation  of  amceboid  antherozoids  takes  place  in 
Achlya  and  Saprolegnia.  De  Baiy  has  been,  in  fact,  unable 
to  observe  any  actual  sexual  process  in  these  plants,  even  in 
those  cases  in  which  the  pollinodium  throws  out  a  tube  which 
enters  the  oogonium,  for  it  appears  that  the  tube  remains 
closed.  Pringsheim,  on  the  contrary,  maintains  that  the 
oospheres  are  fertilised  by  the  amoeboid  antherozoids.  There 
Is  no  doubt  that  in  some  cases  the  oospores  areparthenogene- 
tically  developed,  for  in  these  cases  (e^.  Apkanmnyces  scaber^ 
Saprolcgnia  hypogyna)  oogonia  are  developed  without  polli- 
nodia  in  relation  with  them,  and  In  many  cases  in  which 
pollin«Kli;L  are  present  they  put  forth  no  tube  into  their 
corresponding  oogonia.  There  is  therefore  no  a  priori  objec- 
tion to  de  Bary's  view  that  the  oospores  of  the  Saprolegnieae 
are  always  parthenc^enetically  developed.  Assuming  the 
correctness  of  de  Bary's  view,  we  have  in  the  Saprolegnieae  an 
instance  of  sexual  degeneration  in  the  group  of  the  Oomycetes, 
corresponding  to  that  which  is  afforded  among  the  Zygo* 
mycelcs  by  those  forms  which  produce  azygospores. 

The  genus  Monoblcpharis,  described  by  Cornu,  differs  from 
the  foregoing  groups  of  the  Oomycetes,  and  in  fact  from  all 
other  Fungi,  in  that  the  protoplasm  of  the  male  oiigan  under- 
goes differentiation  into  ciliated  antherozoids.  A  single 
oosphere  is  formed  in  the  oogonium  apparently  from  the 
whole  of  the  protoplasm  of  the  organ,  and  fertilisation  is 
effected  by  the  fusion  of  an  anthcrozoid,  which  has  entered 
through  the  ruptured  apex  of  the  ot)goiiium,  with  the  oosphere. 
We  find  in  this  genus  a  differentiation  of  the  sexual  cells 
which  is  as  well-marked  as  it  is  in  the  higher  Green  Algae,  the 
Musdnese,  or  the  Pteridophyta. 

We  pass  now  to  the  Ascomycetes.  The  simplest  form  of 
the  sexual  process  in  the  plants  of  this  group  is  that  described 
by  Eidam  as  occurring  in  Eremascus  albus.  The  sexual  organs 
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of  this  Ascomyccte  arc  two  quite  similar  hyphal  branches 
which  are  closely  coiled  round  each  other,  and  which  coalesce, 
after  the  absorption  of  the  intervening  walls,  at  their  apices. 
The  product  of  coalescence  is,  in  the  first  instance,  a  large 
rounded  cell  So  far  the  process  and  its  product  resemble 
tiiose  of  the  Mucorini,  and  were  this  all  the  process  would  be 
termed  conjugation,  and  the  product  a  zyf^osporc.  l^ut  the 
cell  in  question  is  not  a  zyi^osporc ;  it  docs  not,  like  a  zygospore, 
germinate  and  give  rise  to  a  new  plant  A  process  of  cell -for- 
mation goes  on  within  it,  as  a  consequence  of  which  eight  free 
cells  are  produced,  which,  on  being  liberated,  germinate.  It  is,  in 
fact,  these  e^ht  cells  which  are  the  spores;  they  are  termed  asco- 
spores^  and  the  laige  cell  in  whidi  they  are  developed  the 
ascus. 

The  pecuh'ar  nature  of  this  mode  of  the  sexual  process 
demands  a  brief  explanation.  We  have  here  a  case  in  which 
no  process  of  cell-formation  takes  place  in  either  of  the  sexual 
organs  as  a  preliminary  to  the  sexual  process.  It  is  only 
when  the  protoplasmic  contents  of  the  two  sexual  organs  have 
fused  that  cell-formation  takes  place;  and  inasmuch  as  the 
cells  then  formed  consist  of  protoplasm  derived  from  the 
two  sexual  organs,  thc)  arc  not  sexual  reproductive  cells, 
but  are  sexually  produced  spores  ;  each  of  them  is,  in  fact, 
physiologically  the  equivalent  of  a  zygospot  e  or  an  oospore. 

The  sexual  process  is  essentially  of  this  nature  in  many 
Ascomycetes,  though  the  sexual  organs  differ  from  each  other 
externally,  thus  affording  an  indication  of  differentiation  of 
sex  which  is  wanting  in  Eremascus.  In  Pyranema  (Penisa) 
couJIulns^  according  to  the  descriptions  of  De  Bary,  Tulasne, 
and  Kihlmann,  the  sexual  organs  are  hyph.e  which  are 
developed  close  together.  One  of  these  undergoes  no  special 
modification,  and  constitutes  the  male  organ,  the  pollinodium  ; 
the  otiier,  which  is  the  female  otgan,  the  arddcofp  or  carpogo- 
becomes  somewhat  dilated,  and  developes  at  its  rounded 
free  end  a  delicate  tube  whidi  is  a  tricho^jme.  This  tricho* 
pyne  becomes  closely  applied  to  the  pollinodium,  and,  in 
consequence  of  the  absorption  of  the  inter\'ening  cell-walls, 
complete  fusion  of  the  protoplasmic  contents  of  the  poUino- 
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diuni  with  those  of  the  trichogyne  takes  place.  The  effect  of 
this  fusion  is  soon  manifested  in  the  dilated  basal  portion^ 
ascogouiuin,  of  the  female  organ.  It  increases  in  size  and 
developes  short  tubular  outgrowths,  the  ascogmous  i^pka^ 
which  give  rise  to  numerous  asci  in  which  ascospores  are 
eventually  produced.  Whilst  this  is  going  on,  the  female 
organ  and  its  ascogenous  hyphas  become  surrounded  by  a 
dense  upgrowth  from  the  mycelium,  the  whole  forming  tlie 
characteristic  fructification  (apotJiecium). 


Fig.  73  (ate  StiU).  A  MCtloii  of  Oe  thallns  of  a  liefaen  {CtOtmm  mkm- 
phyllum\  ihewiog  the  aiOO0Ofifaim  m  wd  the  ptojecHqg  end  of  the  tikhogyne  4r. 
B  end  of  tridiogyiie  nuionnded  by  ipcnnetia*  Cfiiaion  of  a  apeanathun  with  the 
tennbal  oeU  of  the  trichogfoe. 

But  besides  these  sexual  Ascomycetes  in  which  there  is  no 
differentiation  of  sexual  reproductive  cells,  there  are  otiiers  in 
whidi  male  reproducthre  cells  are  diflerentiated,  though  in  no 
Ascomycete  is  there  any  differentiation  of  female  reproductive 

cells.  The  differentiation  of  male  reproductive  cells  takes 
place  in  certain  Ascomycetes  in  which,  unlike  Ercmascus  and 
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Fyranema,  the  reproductive  ofgans  are  not  developed  in  close 
proximity  to  each  other.  In  these  Asconi3rcetes,  which  belong 

to  the  Discomycctous  Lichens  (Collema,  Synechoblastus 
Lcptogium,  Physma),and  to  the  Fyrcnomycetes  (Polystigma), 
the  antheridial  filaments  termed  sterigmata,  are  developed  in 
special  receptacles,  the  spermogonia.  The  male  cells  are 
formed  by  abstrictton  from  the  sterigmata;  they  are,  like  those 
of  the  Fknideae,  non-motile  cells  provided  with  a  cell-wall,  and 
are  likewise  termed  spirmaiuk  The  female  oigan  is  a  multi- 
cellular hy^^  which  forms  a  spirally  wound  basal  portion 
(ascogoniuai)  and  is  piuloni^ed  into  a  straight  portion,  a 
trichogyne  (Fif^.  73).  Fcrlilis;ition  is  effected,  ;is  in  the 
Floridese,  by  the  fusion  of  a  spermatium  with  the  trichogyne. 
The  product  of  fertilisation  is  the  same  as  in  Pyronema:  the 
fertilised  ascogonium  gives  out  hyphae  which  bear  asci,  and 
these«  together  with  sterile  hyi^ta^  derived  from  the  mycelium, 
constitute  a  fructification. 

It  is  of  interest  to  note  the  close  correspondence  between 
the  sexual  process  and  the  products  of  fertilisation  of  the 
Ascomycctes,  on  the  one  hand,  and  of  the  Florideae,  on  the 
other.  In  both  cases  there  is  no  cell-formation  in  the  female 
organ  which  leads  to  the  differentiation  of  one  or  more 
oospheres ;  and  in  both  cases  the  product  of  the  fertilisation  of 
the  female  organ  is  a  many-spored  fructification,  each  spore 
(caipusporc)  being  a  sexually  produced  spore. 


Fig.  74  (after  Baranetzky).    Sexual  rcproduclivc  organs  of  Ascobolus. 


In  the  Asoomycetes  all  stages  of  sexual  degeneration  are 
represented.  Some  members  of  the  group  (^^.  the  Erysipheae, 
Ascobolus,  Penicillium,  etc,)  possess  dlslUnct  sexual  organs 
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which  more  or  less  resemble  those  of  Pyronema,  but  there  is 
at  present  no  evidence  that  a  sexual  process  takes  place 
beh^een  them.  On  the  contrary,  there  is  reason  to  believe 
that  these  Ascomycetes,  though  morphologically  sexnal,  are 

not  physiologically  sexual.  Still  the  ascogonium  gives  rise  to 
asci  and  ascospores,  but  tlie  ascospores  must  be  regarded  as 
bcinn^  parthcnogenetically  produced.  They  are,  then,  not 
actually  sexually  produced  spores,  but  they  are  homologous 
with  thent  In  other  forms  (Chaetomium,  Melanospora)  only 
one  organ,  the  ascogonium  has  been  found ;  it  seems  that  the 
poUinodtum  has  here-  disappeared.  In  these  cases  also  the 
ascogonium  produces  asci  and  ascospores,  and  ft  is  clear  that 
these  ascospores  must  be  parthenogenetically  developed.  In 
others  again  (Xylaria),  even  the  ascogonium  is  rudiiiu  ntary 
(Woronin's  hypha),  and,  finally,  in  others  (Claviccps,  Cordiceps, 
Fieospora)  no  trace  even  of  an  ascogonium  can  be  found.  But 
even  in  these  cases  asci  and  ascospores  are  produced,  the  asci 
springing  from  the  v^tative  mycelium.  It  is  here  a  case, 
not  of  parthenogenesis,  but  of  complete  apogamy ;  the  sexual 
production  of  spores  is  replaced  by  an  altogether  asexual 
process  ;  buL  ilic  mode  of  development  of  the  spores  resembles 
that  of  tlie  sexually  produced  spores  of  the  sexual  forms. 

In  the  remaining  groups  of  the  Fungi,  the  Uredines  and 
the  Basidiomycetes,  no  sexual  process  has  been  observed.  In 
the  Uredines,  spermatia,  like  those  of  the  Ascomycetes,  are 
commonly  produced,  but  no  female  oigan  has  been  discovered. 
However,  the  Uredinese  produce  fructifications,  termed  iecuNa, 
which  somewhat  resemble  those  of  the  Ascomycetcs,  but  the 
spores  (aecidiospores)  are  develoi)cd,  not  in  asci,  but  by  ab- 
striction.  It  may  be  that  we  have  in  the  aecidium  a  fructifica- 
tion wliich,  though  apparently  produced  independently  of  a 
female  oigan,  corresponds  to  that  of  the  Ascomycetes  which 
is  produced  from  the  ascogonium  in  consequence  of  fertilisa- 
tion ;  we  know,  in  fact,  that  this  is  true  of  die  fructification  of 
the  asexual  Ascomycetes.  But  when  we  come  to  the  fructifi- 
cation of  the  Basidiomycetes,  such  a  correspondence  cannot  be 
traced.  No  kind  of  sexual  organ  has  been  discovered  in  the 
Basidiomycetes,  in  spite  of  the  most  careful  and  complete 
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observations,  notably  those  of  Brefeid,  and  it  would  appear  that 
the  fructifications  on  which  the  spores  (basidiospores)  of  these 
plants  are  borne  find  their  homologues,  not  in  the  sexually  pro- 
duced, but  in  the  normally  asexually  produced  fructifications  of 

the  other  l  unj^i.  The  Basidiomycetes  appear,  in  fact,  to  be 
altoL^cther  asexual.  Not  only  are  they  destitute  of  sexual 
organs,  but  they  lack  even  that  trace  of  sexuality  which  is 
indicated  in  the  asexual  Ascomycetes,  such  as  Claviceps,  etc, 
by  the  production  of  fructifications  resembling  those  which  are 
the  product  of  the  sexual  process  in  the  sexual  Ascomycetes. 
The  fructificattons  of  the  Basidiomycetes  are  simply  organs  for 
the  asexual  pruduction  of  spores. 

The  result  of  the  sexual  process  is,  as  we  have  seen,  in  all 
cases  the  production  of  one  or  more  spores,  but  the  cflfect  of 
the  sexual  process  is  not  necessarily  confined  to  the  cells  or 
organs  which  directly  take  part  in  it   In  very  many  cases  it 
stimulates  adjoining  organs  to  active  growth,  leading  to  the 
formation  of  the  structure  which  is  termed  the  I  ruit.  For 
instance,  in  various  Mucorini  an  outgrowth  of  filaments,  form- 
ing a  complete  (MortiercUa)  or  incomplete  in\  cstment  to  the 
zygospore,  takes  place  after  conjugation :  in  Coieochxte  the 
o<^nium  becomes  surrounded^  after  the  fertilisation  of  the 
oosphere,  by  a  cellular  investment  formed  by  outgrowths  from 
adjacent  vegetative  cells;  and,  as  we  have  alread}'  learned,  a 
cellular  investment  is  forn-icd  in  a  similar  manner  round  the 
fertilised  procarpium  of  most  Florideie,  and  round  the  fertilised 
ascogonium  of  most  of  the  sexual  Ascomycetes,  resulting  in 
the  formation  of  the  cystocarp  in  the  former  case,  and  in  that 
of  the  apothecium  or  perithecium  in  the  latter.   The  most 
familiar  instance  of  fruit-formation  is  that  occurring  in  the 
Phanerogams.    Here,  in  most  cases  the  carpels,  in  some  the 
perianth-leaves,  and  in  some  the  floral  receptacle  {torus)  grow 
actively  after  the  fertilisation  of  theoospheres  has  taken  place, 
giving  rise  not  infrequently  to  a  mass  of  succulent  parenchy- 
matous tissue.   Something  of  the  same  kind»  though  less 
marked,  is  to  be  observed  in  the  archegoniate  plants.  In 
these,  the  archegonium  grows  considerably,  after  the  fcrtili^^a- 
tion  of  the  contained  oosphere,  especially  in  the  Muscinca  in 

V.  40 
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which  group  the  enlarged  arch^;oiiium  is  termed  the  cafy^ra. 
In  connexion  with  this  it  may  be  mentioned  that  In  various  of 
the  Heterosporous  Vascular  Cryptogams  (Marsilla,  Salvtnia, 

Isoetes),  in  which  the  female  prothalHum  produces  in  the  first 
instance  only  one  or  a  few  archcgonia,  the  further  growth  of 
the  prothallium  depends  upon  whether  or  not  fertilisation 
takes  place  :  thus»  if  the  first  formed  archegonium  be  fertiUsed, 
the  prothalHum  grows  no  more ;  but  if  it  fail  to  be  fertilised, 
the  prothallium  grows  and  produces  oiie  or  more  new  arche- 
gonia  In  the  Phanerogams  even  pollination,  which  is  only  a 
preliminary  process,  aiTects  the  condition  of  the  organs  of  the 
flower  ;  it  is  well  known  ih.it  pollination  causes  flowers  to  fade, 
and  in  some  plants,  notably  in  the  Orchids,  the  (Jevclopmcnt 
of  the  ovules  in  the  ovary  does  not  take  place  until  the  flower 
has  been  pollinated,  so  that  it  is  clearly  dependent  upon  the 
stimulus  of  pollination. 

The  spores  of  plants,  whether  sexually  or  asexually  pro- 
duced, may  be^^in  at  once  to  develope  into  a  new  individual, 
that  is,  to  germinate,  or  they  may  pass  through  a  longer  or 
shorter  period  of  quiescence.  Those  whicli  germinate  imme- 
diately on  their  formation  have,  as  described  above,  a  thin 
wall,  whereas  those  which  are  capable  of  passing  through  a 
period  of  quiescence  have  a  thickened  cell-wall.  In  some 
cases  spores  are  incapable  of  immediate  germination,  notably 
sexuall)'  produced  spores.  For  instance,  immediate  germina- 
tion is  only  known  to  take  place,  among  the  Alga:,  in  tlic 
zygospores  of  Botrydium  and  of  Ectocarpus,  and  in  the 
oospores  of  Fucus.  Among  the  Fungi,  the  oospores  of  the 
Peronosporeae  and  of  the  Saprolegnieae  pass  through  a  period 
of  quiescence. 

The  mode  of  germination  of  the  spore  is,  as  might  be 
expected,  widely  different  in  diffefent  cases.   In  most 

spore  gives  rise  to  a  single  individual,  either  by  protruding 
filamentous  outgrowths  which  develope  into  the  plant-body,  or 
by  division  to  form  a  compact  mass  of  tissue.  In  some  cases 
the  spore  behaves  like  a  reproductive  organs  from  its  proto- 
plasm are  formed  a  larger  or  smaller  number  of  cells,  either 
motile  or  non-motile,  which  are  set  free  and  are  either  sexual 
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or  asexual  reproductive  cells.  Thus  in  Acetabularia,  and 
under  certain  circumstances  in  Botrydium,  the  asexually 
produced  resttng-spore  constitutes  a  gametangium,  In  that  it 

gives  rise  to  a  number  of  plan<^metes ;  similarly  the  asex- 
ually pix  lucLd  spore  of  Protomyces  produces  a  number  of 
conjug^ating  sporidia.  In  some  Peronosporcai  (always  in 
Cystopus,  occasionally,  according  to  circumstances,  in  Fythium, 
Fhytophthora,  and  Peronospora),  the  asexually  produced 
spore  behaves  as  a  sporangium,  and  gives  rise  to  a  number 
of  zoospores  from  each  of  which  a  new  individual  is 
developed. 

The  same  thing  happens  occasiuiially  also  in  the  case  of 
sexually  produced  spores.  Amoncf  the  Fungi,  the  formation 
of  zoospores  in  the  oospore  occurs  in  various  species  of  Pero* 
nosporeae  and  Saprolegniese.  Among  the  Algae,  zoospores  are 
formed  in  the  zygospores  of  Pandorina  and  Ulothrix,  and  in 
the  oospores  of  Oedogonium  and  Sphseroplea.  Cases  of  a 
similar  kind  are  known  in  Phanerogams.  Thus,  in  some 
Conifern;,  and  notably  in  the  Gnetaccous  EpJiedya  altissimay  a 
process  of  cell-formation  goes  on  in  tlic  <  M  >^porc,  leading  to  the 
formation  of  a  larger  or  smaller  number  of  cells  from  each  of 
which  an  embryo-plant  is  developed.  Ail  these  cases  in  which 
the  spore,  whether  sexually  or  asexually  produced,  gives  rise 
to  a  number  of  cells,  each  of  which  is  capable,  by  itself,  of 
developing  into  a  new  individual,  are  instances  of  what  is 
known  as  polyembryony. 

In  some  cases  free  cells  are  formed  in  the  reproductive  cell  which  are 
not  reproductive  but  soui.iiu  ,  this  obtains  in  the  HytlioUictyeie.  In 
Hydrodictyon  utriculatiini^  the  protoplasm  of  the  zygospore  gives  rise  to 
two  or  four  large  zoospores  which  eventually  come  to  rest  and  remain 
quiescent  for  several  months;  these  resting- spores  are  temiedyOii  account 
of  their  form,  polyhedra.  On  germination  the  protoplasm  of  the  poly- 
hedron breaks  up  into  a  number  of  small  ciliated  motile  ceUa»  the 
endospore  protruding  as  a  delicate  vestde  within  which  the  motile  cells 
are  in  active  movement  The  motile  cells  eventually  come  to  rest,  without 
escaping  from  the  endospore^  and  arrange  themselves  so  as  to  form  the 
meshes  of  a  small  sac-like  net  which  is  a  young  Hydrodictyon.  The 
endospofe  is  then  disorganised,  and  the  young  net  is  set  lirce  as  an 
independent  ccenobittm* 
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Occasionally  it  happens  that  a  ponton  only  of  the  spore 
gives  rise  to  the  embryo.  This  is  the  case  in  the  oospores  of 
the  Characese  and  of  the  Coniferae.   In  Selaginella  and  in  the 

Angiosperms  one  half  of  the  oospore  gives  rise  to  a  filamen- 
tous structure,  tlie  suspatsor^  the  other  half  to  the  main  body 
of  the  cnibr\''o. 

In  many  plants  the  same  individual  does  not  produce  both 
sexual  and  asexual  reproductive  organs,  but  they  are  borne  by 
more  or  less  completely  distinct  individuals.  When  this  is  the 
case  the  life-history  of  the  plant  includes  at  least  two  genera- 
tions, one  of  which  is  sexual  and  the  other  asexual;  that 
is,  it  exhibits  what  is  know  n  as  alternation  of  generations. 
Such  a  hTc-history  cannot,  of  course,  be  traced  in  those 
plants,  already  enumerated,  in  which  the  reproduction  is 
effected  solely  by  either  sexually  produced  or  asexually  pro- 
duced spores^  nor  in  those,  to  be  now  enumerated,  in  which 
the  same  individual  bears  both  sexual  and  asexual  repro- 
ductive organs. 

The  following  are  plants  in  which  both  sexual  and  asexual  reproduc- 
tive organs  are  borne  by  the  same  Individual : 

Algce:  Vaucheria ;  Hydrodictyon ;  Ulothrix;  Oedogonium ;  some 
Florideie  {^t.g.  PolysipJmnia  varitgatd^ 

Fungi:  Many  Mucorini ;  most  Pefonosporese  and  Saprolegnieae ; 
Monoblepharis ;  among  the  Ascomycetes,  the  Erysiphe^,  Eurotium, 
Penicillium,  Nectria :  some  Uredineae  ( Uromyces  apptrndicHlatus^  Btkttds^ 
Scrophuiaria^  Cestri^  Puccinia  BerberiaUs^ 

The  simplest  case  of  alternation  of  generations  is  that  in 
which  there  are  but  two  generations,  the  one  sexual,  the  other 
asexual ;  the  sexually  produced  spore  giving  rise  exclusively 
to  the  asexual  or  spore-bearing  generation  (sporophori^^  the 
asexually  produced  spore  giving  rise  exclusively  to  the  sexual 
generation  {oophorc),  A  t)  pical  instance  of  this  is  afforded 
by  the  life-histor>'  of  Mosses.  The  sexual  f:^cncration  of  the 
Moss  is  the  moss-plant ;  its  body  is  differentiated  into  stem 
and  leaves  and  it  bears  the  sexual  reproductive  organs,  the 
antheridia  and  arch^onia.  The  oospore,  which  is  formed  in 
the  archegonium  in  consequence  of  fertilisation  does  not  give 
rise  to  a  moss-plant,  but  to  the  structure  which  is  known  as 
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the  sporogonium,  which  is  the  asexual  generation  in  the  life- 
hi^tors'.  The  botU  uf  this  ori^anism  is  not  differentiated  into 
stem  and  leaves,  but  consists  usually  of  a  lonf^er  or  shorter 
stalk  i^ta)  bearing  a  capsule  (theca)  in  which  the  spores  are 
developed.  When  one  of  these  asexual ly  produced  spores 
germinates,  it  does  not  give  rise  to  another  sporogonium,  but 
to  an  inconspicuous,  usually  filamentous,  structure,  the  prottme- 
ma,  upon  which  are  developed,  as  lateral  buds,  moss-plants 
v.  liich  bear  sexual  reproductive  organs.  In  other  words,  the 
sexually  produced  spore  (oospore)  always  oives  rise  to  the 
sporophore  (sporogonium),  the  asexually  produced  spore  to  the 
oophore  (moss-plant). 

This  kind  of  life-history  is  not  peculiar  to  the  Muscineae, 
but  it  can  be  more  or  less  clearly  traced  in  all  the  vascular 
plants.  In  the  Isosporous  Vascular  Cryptogams  (Filices, 
Equisctaccae,  Lycopodiaceae),  the  asexually  produced  spore 
gives  rise,  on  fyermi nation,  to  a  small  inconspicuous  or^^anism, 
destitute  of  vascular  tissue,  termed  the  prothalliunty  on  which 
the  sexual  reproductive  organs  are  borne.  The  oospore,  pro- 
duced by  fertilisation  in  the  archegonium,  gives  rise  to  the 
plant,  consisting  of  stem,  root,  and  leaves^  which  produces 
the  sporangia  and  spores.  The  prothallium,  is  clearly  the 
oophore,  and  corresponds  to  the  moss-plant:  the  fully  de- 
veloped plant  is  clearly  tiic  sporophore,  and  corresponds  to 
the  moss-sporogonium. 

In  the  heterosporous  vascular  plants  (Rhizocarpae,  Ligu- 
lat£»  Phanerogams)  the  asexually  produced  spores  likewise 
give  rise  to  prothallia,  though  they  are  rudimentary.  The 
microspore  gives  rise  to  a  prothallium  which  is  reduced  to 
a  single  antheridium,  and  which,  with  the  exception  of 
Salvinia,  among  the  Rhizocarps,  and  of  the  Phanerogams, 
does  not  project  from  the  spore.  In  Salvinia  and  in  the 
Phanerogams  it  projects  in  the  form  of  a  closed  tube  which 
is  known  in  the  Phanerogams  as  the  pollen-tube.  Similarly, 
the  macrospore  of  these  plants  gives  rise  to  a  small  pro* 
thallium  bearing  one  or  more  archegonia,  which,  in  the 
Rhtzocarps  extends  beyond  the  limits  of  the  spore  but  does 
not  become  free  from  it;  in  the  Ligulata:  (Selaginella  and 
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Isoetes)  it  is  only  partially  exposed  by  the  rupture  of  the 
coats  of  the  spore,  and  in  the  Phanerogams,  where  it  is 
termed  the  endosperm,  it  remains  permanently  and  completely 
enclosed  by  the  spore  (embryo-sac).  Thus  the  oophore-gene- 
ration  is  represented,  in  the  life-history  of  these  heterosporous 
plants^  by  two  sexual  indivtduab,  the  male  and  the  female 
prothallla,  which  are  respectively  developed  from  a  micro- 
spore and  a  macrospore.  The  oospore  developes  into  the 
sporophore  which  is  the  highly  differentiated  plant  bearing  the 
sporangia  and  spores. 

We  will  now  digress  for  a  moment  to  consider  the  for- 
mation of  the  seed  of  Phanerogams.  It  has  been  already 
mentioned  in  the  course  of  this  lecture  (p.  603),  that  the  macro- 
spore  (embryo-sac)  of  these  plants  is  peculiar  in  that  it  is 
not  liberated  from  the  sporangium  (ovule)  in  which  it  is 
produced,  and  we  have  just  learned  that  it  not  only  remains 
within  the  sporangium  but  that  it  also  germinates  there. 
Further,  the  sporangium  il-c  If  remains  attached  to  the  parent- 
plant  Hence  we  have  this  peculiar  state  of  things,  that 
the  asexual  generation  (the  plant)  bears  macrosporangia  in 
whichf  at  a  certain  time^  the  sexual  generation  (the  female 
prothailium  or  endosperm)  is  enclosed.  But  this  is  not 
all  When  tiie  oosphere,  which  belongs  to  the  endosperm,  is 
fertiHsed,  it  developes  into  the  embryo,  the  whole  being 
still  enclosed  bv^  the  sporangial  (ovular)  tissue.  The  de- 
velopment of  the  embryo  proceeds  up  to  a  certain  point,  and 
is  then  arrested.  When  this  point  is  reached  the  conversion 
of  the  ovule  into  the  seed  is  complete. 

According  to  the  structure  of  the  seed,  we  find  that  two 
or  more  successive  generations  are  represented  by  its  various 
parts.  Thus,  in  an  "albuminous"  seed  we  trace  the  presence 
of  tissues  belonging  to  three  generations^ 

Integuments,  and  peri-  )  =  tissue  of  the  parent- 
sperm,  if  present       J  sporophore 

Endosperm  « tissue  of  the  prothailium 

(oophore) 

Embiyo  the  new  sporophore. 
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In  an  "exalbuminous"  seed,  only  two  generations  can 
be  traced; 

Integuments  « tissue  of  parent«sporophore 

Embryo  =  the  new  sporophore. 

There  is  also  this  further  peculiarity  of  Phanerogams 
to  be  noicd,  tliat,  whereas  in  all  other  cases  the  development 
of  the  cmbrj^o  from  the  sexually  produced  spore  goes  on 
continuously  until  the  adult  form  is  reached,  in  the  Phane- 
rogams the  development  of  the  emfafyo  is  discontinuous.  It 
takes  place^  namdy,  in  two  stages.  The  first  of  these^  as 
mentioned  above,  terminates  with  the  ripening  of  the  seed ; 
the  second  begins  with  what  is  known  as  the  germinatioH 
of  the  seed,  and  includes  the  escape  of  the  embryo  from 
the  seed  and  the  i^^radual  attainment  of  the  adult  form; 
between  these  two  periods  there  intervenes  a  longer  or  shorter 
period  of  quiescence.  The  degree  of  development  which 
may  be  reached  by  the  embryo  within  the  seed  is  different  in 
different  cases;  in  an  albuminous  seed  the  embiyo  is  small, 
occupying  but  a  portion  of  the  embryo-sac ;  in  an  exalbumi- 
nous  seed  the  embryo-sac,  to  bci;in  with,  occupies  the  whole 
of  the  interior  of  the  seed,  and  the  embryo  entirely  fills 
the  embryo-sac  (see  p.  179). 

Returning  now  from  this  digression,  we  find  that  in  the 
life-history  of  the  Mosses  and  of  the  plants  above  them  in  the 
scale  of  ofganisation,  there  is  a  regular  alternation  of  gene* 
rations  of  such  a  kind,  that  twice  in  the  life-history  the  plant 
is  represented  by  a  single  cell,  a  spore,  which  in  the  one  case 
has  been  prMcluced  asexually,  in  the  other  sexually;  the 
asexually  produced  spore  gives  rise  to  the  sexual  generation; 
the  sexual  generation  produces  the  sexually  produced  spore; 
the  sexually  produced  spore  gives  rise  to  the  asexual  gene- 
ration, which  again  produces  spores  asexually. 

We  have  now  to  consider  how  far  the  life-histories  of 
plants  lower  than  the  Mosses  conform  to  this  type.  Be- 
ginning with  the  Alga;,  and  confining  our  attention  to  those 
plants  which  have  distinct  sexual  and  asexual  forms,  we  find 
that  in  some,  the  Volvocinea^  for  example,  no  alternation 
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of  generations  can  be  traced  since  there  is  no  certainty  as 
to  the  nature  of  the  form  to  which  any  j^ivcn  spore  may 
give  rise:  the  individual  developed  from  the  asexually  pro- 
duced sl>ore  is  not»  as  in  a  life-history  of  the  Moss-type, 
necessarily  sexual,  nor  is  the  individual  developed  from  the 
sexually  produced  spore  necessarily  asexual.  In  others  a 
more  or  less  recfular  alternation  of  generations  is  traceable. 
Thus  in  AcetabuLuia  (Siphonea;),  the  piant  i)roduces  restint^- 
spores  asexually,  which,  as  already  mentioned,  bcliave  as 
gametangia;  the  gametes  conjugate  to  form  a  zygospore,  and 
from  the  zygospore  the  Acetabulana  springs.  Here  the 
alternation  of  generations  is  quite  regular.  The  Acetabulana- 
plant  is  the  asexual  generation  or  sporophore ;  the  resting- 
spore  alone  represents  the  sexual  generation,  or  oophore, 
inasmuch  as  it  directly  gives  rise  to  sexual  reproductive 
cells.  TTie  life-liistory  of  Botrydium  is  essentially  the  same 
as  that  of  Acetabularia,  but  it  is  frequently  less  regular;  thus 
the  Botiydium-plant  may  produce,  instead  of  resting-spores, 
unictiiate  zoospores  by  which  it  is  directly  reproduced,  and  in 
this  way  several  asexual  generations  may  succeed  each  other. 
The  fact  that  the  oophore  ma\  be  actually  asexual,  as  when 
the  resting-spore  developcs  directly  into  a  Botrydium-plant, 
or  when,  as  mentioned  already,  it  produces  zoospores  instead 
of  gametes,  dues  not  affect  the  alternation  of  c^eneralie)ns; 
the  oophore  is  present  and  from  it  the  sporophore  is  derived ; 
the  asexual  oophore  may  be  conveniently  distinguished  as 
a  potential  aepkare.  In  Coleochaete  we  have  a  case  in  which 
the  normal  alternation  of  generations  is  interfered  with  by 
the  asexuality  of  several  successive  generations  of  what  ou^ht 
to  be  sexual  forms.  The  sexual  individual  produces  the 
oospore,  and  the  oospore  i^ivcs  rise  to  a  small  individual 
which  is  asexual,  and  which  produces  zoospores;  from  these 
zoospores  arc  developed  individuals  which  resemble  the 
sexual  form  in  all  respects  save  that  they  do  not  produce 
sexual  organs,  but  produce  only  zoospores.  At  length,  after 
a  series  of  generations,  a  sexual  plant  is  developed.  The 
appearance  of  the  sexual  plant  seems  to  be  determined 
by  the  season  of  the  year.    The  oospores  germinate  in  the 
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SP'">"^I-  asexual  reproduction  ^^oes  on  through  the 

summer,  the  sexual  plant  making  its  appearance  towards 
autumn.  In  Coleoch^ete  it  is  only  in  the  case  of  the  sexually 
produced  spore  that  the  nature  of  the  resulting  individual  can 
be  predicted;  it  always  gives  rise  to  an  asexual  individual; 
whereas  the  asexually  produced  spores  gives  rise  to  an 
individual  \s  hicli  may  be  either  sexual  or  asexual,  that  is,  to  a 
potential  oophorc.  The  life-history  of  Cf)leoch;i:te  is,  then, 
briefly  this:  the  oospore  gives  rise  to  the  sporophore;  from 
the  zoospore  of  the  sporophore  a  potential  oophore  is  de- 
veloped; a  succession  of  potential  oophores  then  follows, 
until  finally,  when  the  external  conditions  are  impropriate, 
an  actual  oophore  is  developed.  In  the  Characeae  the  oospore 
gives  rise  to  a  rudimentary  individual,  the  proembryo,  which 
represents  the  sporophore.  Howes  er,  it  docs  not  produce 
spores,  but  gives  rise  to  the  oophore  (Chara-plantj  vege- 
tatively  by  budding. 

The  study  of  the  life-history  of  the  Fungi  is  attended 
with  considerable  difficulty,  partly  on  account  of  the  fact  that 
in  many  cases  the  development  of  the  sexual  oigans  is 
dependent  upon  a  combination  of  external  conditions  which 
may  but  rarely  present  itself,  auJ  partly  on  account  of  liie 
j;rcat  difference  in  habit  which  frequently  exists  between 
the  sexual  and  asexual  forms  of  the  same  plant,  a  difference 
which  is  sometimes  accentuated,  in  parasitic  Fungi,  by  the 
occurrence  of  the  two  forms  on  different  plants  as  hosts 
{HetercMsni^,  But  in  some  cases  the  life-histoiy  has,  never- 
theless, been  traced,  and  it  frequently  exhibits  more  or  less 
regular  alternation  of  generations.  Ik  fore  enterini,^  upon  the 
consideration  of  these  cascii,  it  must  be  clearly  understood 
that  the  expression  **  sexually  produced  spore"  will  be  applied 
not  only  to  those  the  formation  of  which  is  known  to  be 
preceded  by  a  sexual  process,  but  also  to  those  which  though 
formed  probably  or  actually  without  an  antecedent  sexual 
process,  may  be  considered,  as  already  explained,  to  be  homo- 
logous with  those  which  are  actually  sexually  produced ;  and 
the  individual  producing  such  spores  will  be  regarded  as  the 
oophore. 
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Beginning  with  the  Mucorint,  we  find  that,  in  Mtuor 

Mucedo  and  Pliycomyces  nitens  for  irihtancc,  ihc  zygospore 
gives  rise  on  germination  to  a  rudimentary  individual  {promy- 
celium)  wliich  is  entirely  asexual;  from  one  of  the  spores 
of  this  form  a  nomial  plant  is  developed,  which  produces 
spores  asexually  but  may  also  bear  sexual  reproductive 
oigans.  Essentially  the  same  life-history  may  be  traced  in 
certain  Peronosporeae  [Phytopktharu  ommvara,  Pytkmm  proU- 
fcnivi);  in  these  the  individual  developed  from  the  sexually 
produced  spore  is  always  asexual,  whereas  that  developed 
from  the  asexually  produced  spore  may  be  sexual,  but  it 
always  produces  spores  asexually.  In  these  cases  there  is  not 
a  strict  alternation  of  generations,  in  consequence  of  the 
succession  of  potential  oophores,  as  in  Coleocfaste. 

In  other  cases  the  alternation  is  completely  regular.  In 
the  Ustilagine.x',  to  begin  with,  the  asexually  produced  spore 
gives  rise  to  a  rudimentary  individual  {promycelium)  which  is 
the  sexual  generation ;  this  produces  sporidia  which  conjugate 
in  pairs,  and  from  the  product  of  conjugation  springs  the 
individual  which  produces  spores  asexually*  Essentially  the 
same  life-histoiy  has  been  traced  in  some  Aacomyoetes  and 
Uredineae.  In  Claviceps,  the  sexually  produced  spore  (as- 
cospore)  gives  rise  to  an  asexual  form,  long  regarded  as  a 
distinct  genus  under  the  name  of  Sphacelia,  from  the  spores 
of  which  the  Claviceps  is  reproduced.  In  Sclerotinia  {Pezizd) 
Fuckeiiana,  a  similar  regular  alternation  occasionally  takes 
place:  the  ascospore  may  give  rise  to  an  asexual  form,  long 
known  as  Boirytis  ciMenea,  from  the  spores  of  which  the 
Sclerotinia  is  in  turn  developed:  but  not  infrequently  the 
ascospore  gives  rise  to  a  Sclerotinia  at  once,  in  which  case 
there  is  of  eourse  no  alternation.  In  Polystigma  the  ascospore 
gives  rise  to  a  promycelium  which  bears  sporidia,  and  these 
sporidia  give  rise  to  the  jPolystigma.  In  Endophylium 
(Uredineae)  the  life-history  is  precisely  the  same  as  in  Poly* 
stigma;  the  promycelium  is  the  sporophore,  the  sporidia  the 
asexually  produced  spores,  and  the  plant  itself  is  the  oophore. 
In  other  Uredineae  the  life-hfstory  is  somewhat  modified 
in  that  asexually  produced  spores  of  at  least  two  kinds  make 
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thdr  appearance.  The  sexually  produced  spore  (aecidiospore) 
gives  rise  to  an  Individual  which,  in  Gymnosporangium  and 

Hcmipuccinia,  bears  asexiially  produced  spores,  teleutospores 
(p.  603);  in  Puccinia  Grcumnis  ilic  formation  of  telculuspores 
is  preceded  by  that  of  somewhat  different  spores,  the  uredo- 
spores;  in  either  case  the  teleutospore  gives  rise  to  a  second 
asexual  generation,  the  promycelium,  which  bears  sporidia, 
from  which  the  midium-bearing  oophore  is  developed. 

We  may,  in  conclusion,  briefly  consider  the  relation  of 
vegetative  reproduction  to  the  life-history  of  plants.  It  has 
been  stated  that  in  the  life-history  of  a  plant  which  exhibits 
regular  alternation  of  generations,  the  alternate  generations 
are  developed  from  spores  produced  either  sexually  or  asexu- 
ally  as  the  case  may  be.  But  to  this  there  are  exceptions,  for, 
as  we  have  already  learned  (p.  601),  reproduction  by  means  of 
spores  may  be  replaced  by  vegetative  reproduction,  in  the 
form  either  of  apogamy  or  of  apospory.  Thus  in  the  vcge- 
tatively  apo^^amous  Ferns  already  mentioned,  the  sjx>rophore 
(fern-plant)  is  developed  as  a  bud  upon  the  oophore  (pro- 
thallium).  Similarly  in  the  aposporous  Ferns,  Mosses,  and 
Charaoeae,  the  oophore  is  developed  as  a  bud  from  the 
sporophore. 

In  some  cases,  namely  when  one  generation  gives  rise 
to  Its  like  by  vegetative  budding,  sporophore  to  sporophore, 
oophore  to  oophore,  there  is  a  conibmatiuu  of  vegetative 
apogamy  and  apospory.  For  instance,  when  as  in  the  Phane- 
rogams mentioned  above  (p.  601  J,  embryos  are  produced  v^e- 
tatively  from  the  tissue  of  the  nucellus,  sporophore  springs  from 
sporophore,  the  normally  intervening  formation  of  spores,  first, 
by  the  asexual  method,  and  secondly,  by  the  sexual  method, 
is  suppressed.  A  striking  instance  of  the  same  thingf  has 
been  observed  by  Goebel  in  some  species  of  Isoetes  in  wliieli 
a  plant  was  developed  on  a  leaf  in  place  of  a  sporann^ium. 
Other  instances  are  afforded  by  the  various  cases  of  multi- 
plication by  buds  referred  to  at  the  beginning  of  this  lecture 
(p.  601).  Similarly,  when  a  moss-plant  gives  rise  by  budding 
or  by  means  of  gemms  to  another  moss-plant,  or  when  a 
fem-prothaliium  gives  rise  to  another  by  means  of  gemmae, 
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oophore  springfs  from  oophorc  without  the  intenrentioTi  of, 

first,  a  sexually  produced  spore,  aud  secondly,  of  an  ascAually 
produced  s{)ore. 

We  are  now  in  a  position  to  fully  understand  what  is 
meant  by  *'apospoiy"  and  "v^etativc  apogamy"  respectively. 
By  apospory  is  meant  the  development  of  the  oophore  from  the 
sporophore  without  the  intervention  of  an  asexually  produced 
spore,  in  other  words,  by  the  substitution  of  budding  for  asexual 
sporc-fonnation.  By  vegetative  apogamy  is  meant  the  develop- 
ment of  the  sporophore  from  the  oophore  witliout  the  inter- 
vention of  a  sexually  produced  spore,  in  other  words,  the  sub- 
stitution of  budding  for  sexual  spore- form  at  ion.  The  d  iiference 
between  vegetative  apc^amy  and  that  other  form  of  apogamy 
which  we  have  already  distinguished  as  parthenogenesis  now 
becomes  apparent  In  parthenogenesis  spore>formation  takes 
place,  but  the  spore,  instead  of  being  the  product  of  a  sexual 
processes  de\  eloped  u  ithout  that  process,that  is.apogauiously; 
hence  the  sporophore  is  developed  from  a  spore  which  is  the 
homologue  of  those  which  are  sexually  produced,  but  which, 
as  a  matter  of  fact,  has  not  been  sexually  produced :  sexual 
spore^formation  is  replaced  by  asexual. 
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I 

REPRODUCTION  {continued). 

In  the  present  lecture  we  have  to  complete  our  account  of  i 
the  facts  of  reproduction,  and  then  to  endeavour  to  arrive  at  a 
comprehension  of  their  physiological  significance* 

The  next  series  of  facts  to  which  we  have  to  turn  our 
attention  are  those  connected  with  development  of  the  repro- 
ductixc  cells.  Beginning  with  the  asexual  reproductive  cells 
or  spores,  we  have  learned  that  they  are  produced  by  an 
organ  which  we  have  spoken  of  generally  as  the  sporangium. 
In  many  cases  there  is  no  perceptible  peculiarity  in  the  sporan* 
gium  itself,  or  in  the  mode  of  development  of  the  spores  from 
its  protoplasm.  In  unicellular  plants,  like  Yeast  and  Hsma- 
tococcus,  the  cell  which  constitutes  the  body  of  the  plant, 
constitutes  the  sporangium  also  ;  ciiid  in  a  nuiiiber  of  multi- 
cellular plants,  such  as  Ulothrix,  Ulva,  and  Coleochiete,  each  | 
cell  of  the  body  may  act  as  a  sporangium  and  give  rise  to 
spores. 

In  some  cases  the  spores  are  apparently  formed  from  the 
whole  of  the  protoplasmic  contents  of  the  sporangium,  so  that 
probably  in  the  protoplasm  of  each  spore  all  the  various  parts 
of  the  protoplasm  of  the  sporangium  are  represented.  In  many  ^ 
cases,  however,  it  has  been  ascertained  that  not  all  the  pro-  | 
toplasmic  contents  of  the  sporangium  are  used  in  the  formation 
of  the  spores.  For  instance,  in  many  Fungi  a  considerable 
portion  of  the  protoplasm  of  the  sporangium  (or  ascus)  re- 
mains over,  as  the  epiplasm^  after  the  formation  of  the  spores; 
and  in  the  development  of  the  zoospores  of  the  Alg^e  \c.g.  , 
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macrozoospores  of  Ulothrfx)  a  portion  of  the  protoplasm  is 

extruded  in  the  form  of  a  vesicle  from  the  sporangium  at  ihe 
same  time  as  the  zoospores.  In  other  cases  of  spore-formation 
a  peculiar  process  has  been  observed  by  Strasburger.  He 
finds,  namely,  that  just  previously  to  the  division  of  the  spore- 
mother-cell>  a  mass  of  substance,  termed  the  paranucleoius  is 
extruded  from  the  nucleus. 

Passing  on  to  the  development  of  the  sexual  reproductive 
cells,  we  find  that  in  some  cases  these  cells,  like  the  spores, 
may  be  directly  developed  from  a  somatic  cell,  as  in  the  case 
of  the  gametes  of  the  Spirogyra  and  of  the  planogametes  of 
Ulothrix.  In  Acetabularia  the  planogametes  are  developed 
from  a  single  cell,  the  resting-spore,  which  we  cannot  but 
r^;ard  as  beit^  somatic,  inasmuch  as  it  represents  (p^  652)  the 
entire  sexual  generation  (oophore)  of  the  plant  In  not  a  few 
cases  the  sexual  reproductive  cells  appear  to  be  developed 
from  the  whole  of  the  protoplasm  of  the  sexual  reproductive 
organ,  be  it  differentiated  or  undifferentiated ;  for  example, 
the  gametes  of  Spirogyra,  the  oospheres  of  Fucus.  But  In  very 
many  cases  a  portion  of  the  protoplasmic  contents  of  the 
reproductive  organ  remains  unused.  Thus,  in  the  develop- 
ment of  the  planogametes  of  Ulothrix  and  of  Acetabularia, 
a  considerable  portion  of  the  protoplasm  is  extruded  with  the 
planogametes  from  the  gametangiura  in  the  form  of  one  or 
more  vesicles. 

Something  similar  has  been  observed  in  connexion  with 
the  development  of  the  antherozoids  in  the  Muscineae  and 
Fteridoph]^.  When  the  antherozoid  is  set  free  there  is 
attached  to  its  posterior  end  an  appendage  which  is  usually 

described  as  a  protoplasmic  vesicle.  Now  as  to  the  nature  of 
this  vesicle.  It  has  been  asccriaiued  that  the  antherozoid  is 
developed  mainly  from  the  nucleus  of  the  mother  cell,  the 
cilia  alone  being  derived  from  the  protoplasm.  The  vesicle 
therefore  probably  consists  to  a  large  extent  of  the  unused 
protoplasm  of  the  motherocell.  But  it  has  been  suggested  by 
Dodel-Port,  and  his  suggestion  is  fully  confirmed  by  the  re- 
searches of  Belajeff  on  the  development  of  the  antherozoids 
of  Isoetes  and  Sel^inella,  that  the  so-called  protoplasmic 
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vesicle  contains  a  portion  of  the  nucleus  of  the  mother-cell 
which  is  excluded  from  taking  part  In  the  formation  of  the 

antherozoid.  Probably  in  all  cases  a  jjortion  of  the  nuclear 
substance  of  llic  mothcr-ccll  is  thus  excluded.  The  excluded 
portion  of  the  mother-cell  is  termed  a  polar  body. 

In  order  to  complete  our  study  of  the  peculiarities  at> 
tending  the  development  of  male  reproductive  cells,  we  must 
enquire  whether  any  indication  of  the  formation  of  a  polar 
body  can  be  detected  in  connexion  with  the  processes  already 
mentioned  (p.  615)  as  going  on  in  the  germinating  pollen- 
grains  of  Phanero<j^anis.  In  all  cases  the  nucleus  and  the  pro- 
toplasm of  the  pollen-grain,  in  the  first  instance,  undergo 
division,  so  that  two  cells  are  formed  which  Strasburger  dis- 
tinguishes respectively  as  the  vegetative  and  the  generative^ 
Of  these,  the  former  is  much  the  smaller  in  the  Gymnosperms, 
whereas  the  converse  is  the  case  in  the  Angiosperms.  In  the 
Gymnosperms  the  two  cells  are  permanently  separated  by  a 
cell-wall,  but  in  the  Angiosperms  the  cell-wall  sooner  or  later 
undergoes  absorption,  so  that  the  only  permanent  evidence  of 
the  cell-division  is  the  presence  of  the  two  nuclei  In  some 
Gymnosperms  two  or  three  more  vegetati\'c  cells  may  be 
successively  cut  off  from  the  generative  cell.  The  vegetative 
cell  is  usually  considered  to  represent  the  rudiment  of  the 
vegetative  portion  of  the  male  prothalHum,  but  Strasburger 
attaches  to  it  the  physiological  significance  of  a  polar  body. 
In  view  of  the  fact  that  in  the  majority  of  observed  cases  the 
whole  of  the  generative  nucleus  takes  part  in  the  sexual 
process,  no  portion  of  it  being  excluded,  it  seems  probable 
that  Strasburger  is  right  in  regarding  the  v^etative  cell  as 
being  physiologically  a  polar  body. 

Strasburger  extends  his  view  to  the  vej^etntivc  cell  which  is  formed  in 
the  germinating  microspore  of  the  1  letcrospurous  Vascular  Cryplognms. 
In  ihi^  we  are  unable  to  follow  him,  since,  as  mentioned  above,  a  polar 
body  is  formed  in  each  mother-cell  of  an  antherozoid  in  these  plants. 
The  \e<;ei:itive  cell  in  tliis  case  is  simply  of  morphological,  and  not  of 
physiological,  significance. 

Turning  now  to  the  development  of  weil-difieientiated 
female  gametes,  we  find  many  more  or  less  well*marked  cases 
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of  the  formation  of  a  polar  body.  A  comparatively  simple 
case  is  afforded  by  the  Peronosporeae.  it  was  mentioned  in 
the  last  lecture  (p.  619)  that  the  oosphere  of  these  plants  is 
developed  from  a  portion  only  of  the  protoplasmic  contents 
of  the  oogonium^  and  there  is  reason  to  believe  that  a  certain 
portion  of  the  nuclear  substance  of  the  oogonium  is  excluded 
from  the  process.  It  appears,  namely,  from  Schmitz's  re- 
searches, that  the  protoplasm  of  the  oogonium  is  multinucleate, 
and  that  during  its  development  nuclear  division  frequently 
takes  place.  The  periplasm  of  the  oogonium  is  certainly 
nucleated,  and  it  may  therefore  be  regarded  as  a  polar  body. 
In  certain  of  the  Algse  (Vaucheria,  Oedogonium)  an  extru- 
sion of  a  portion  of  the  protoplasmic  contents  of  the  oogo- 
nium has  long  been  known  to  occur,  and  something  of  the 
same  kind  has  recently  been  observed  by  Dodel-Port  in 
Cystoscira  barbata.  It  has  not  been  definitely  ascertained 
whether  or  not  the  extruded  protoplasmic  masses  are  nu- 
cleated, but  they  probably  are,  and  may  therefore  be  con- 
sidered to  be  polar  bodies.  There  is  no  such  doubt  as  to 
the  corresponding  cells  formed  in  the  female  organ  of  the 
Musctnese,  the  Pteridophyta,  and  of  most  Gymnosperms. 
In  these  plants  the  central-cell  of  the  archcgonium  divides 
into  two,  a  large  and  a  small  cell :  the  former  becomes  the 
oosphere,  the  latter  is  termed  the  ventral  caftal-cdll^  and  sub- 
sequently undergoes  degeneration.  There  can  be  no  doubt 
that  the  latter  is  a  polar  body. 

We  have  yet  the  case  of  the  Anglosperms  to  consider. 
A  number  of  nuclear  divisions  take  place  in  connexion  with 
the  development  of  the  oosphere,  but  it  is  not  clear  which  of 
these  is  to  be  taken  as  indicating  the  formation  of  a  polar 
body.  The  facts  are  briefly  as  follows.  The  nucleus  of  the 
young  embryo-sac  divides  into  two,  one  of  which  travels  to 
each  end  of  the  sac :  each  nucleus  then  divides,  and  each  of 
the  new  nuclei  divides  again,  so  that  there  is  a  group  of  four 
nuclei  at  each  end  of  the  embryo-sac.  Of  those  at  the  micro- 
pylar  end,  one  becomes  the  nucleus  of  the  oosphere,  tw  o  the 
nuclei  of  the  synergida^  (see  fig.  70,  p.  6i6),  and  the  fourth 
(polar  nucleus),  which  is  the  sister-nucleus  of  that  of  the 
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oosphere,  travels  towards  the  middle  of  the  sac  where  it  fuses 

with  one  of  the  chalazal  nuclei,  which  has  likewise  travelled 
towards  the  middle  of  the  sac,  to  form  the  definitive  nucleus  of 
the  embryo-sac.  It  may  be  suggested  that  the  division  which 
leads  to  the  formation  of  the  nucleus  of  the  oosphere  and  of 
the  so-called  polar  nucleus,  is  the  one  which  we  are  seeking ; 
in  that  case  the  so-called  polar  nucleus  would  he  the  polar 
hody. 

There  remain  yet  a  few  cases  to  be  considered  in  this  con- 
nexion, cases  which  are  of  somewhat  doubtful  nature,  but 
which  nevertheless  seem  to  have  the  same  physiological  signi- 
ficance as  those  which  we  have  just  been  discussing.  In 
these,  the  sexual  organ  undergoes  complete  cell-division  as  a 
preliminary  to  the  sexual  process.  Thus,  in  the  Mucorini, 
the  apical  portion  of  each  of  thie  conjugating  hyphae  is  cut  off 
by  a  cell-wall  from  the  remainder,  and  it  is  these  two  portions 
which  coalesce!  Again,  in  Strog-oninm  stktkum,  one  of  the 
Zygneme.t,  as  described  by  de  Bary,  each  ol  the  iwo  con- 
jugating cells  underc^oes  division  so  as  to  form  two  or  more 
Sterile  portions  and  a  fertile  portion.  These  cell-divisions 
may  be  fairly  compared  with  those  already  described  as 
taking  place  in  the  pollen-grains  of  Phanerogams^  and,  in- 
asmuch as  they  lead  to  the  distinction  of  vegetative  and 
generative  portions  in  the  sexual  reproductive  organ,  they 
may  be  regarded  as  being  of  the  same  physiological  signi- 
ficance. It  may  be  that  the  cell  divisions  which  take  place  in 
the  oogonium  of  the  Charace^e  and  lead  to  the  formation  of 
the  sterile  *'Wendungs^en"  (Braun)  ought  to  be  included 
here. 

We  have  now  ascertained  that  the  development  both  of 
spores  and  of  gametes  is  marked,  in  very  many  cases,  by 
certain  peculiarities  having  essentially  this  result,  that  the 
original  nuclear  substance  of  the  reproductive  organ,  whether 
it  be  a  sporangium  or  a  gametangium,  does  not  all  go  to  form 
the  nuclear  substance  of  the  one  or  more  reproductive  cells 
produced  by  the  organ,  but  that  a  portion  of  the  original 
nuclear  sttt»tance  is  excluded,  at  some  stage  or  other,  from 
forming  part  of  the  reproductive  cell  or  cells. 
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In  connexion  with  the  development  of  the  gametes,  it  will 
be  convenient  to  discuss  the  nature  of  the  sexual  process. 

We  already  know  that  it  consists  in  the  fusion  of  the  pro- 
toplasm of  two  sexual  reproductive  orprans,  and  that  the 
fusion  may  take  place  cither  within  or  outside  them,  l^ut  it 
appears  that  the  essential  part  of  the  process  is  the  fusion  of 
the  two  nuclei.  It  has  been  observed  in  the  case  of  lowly- 
otganised  plants,  such  as  Spirog3nia  and  P3rthium,  that  not 
only  does  the  protoplasm  of  the  two  gametes  fuse  into  one 
mass,  but  that  the  two  nude!  do  so  likewise.  This  fact  does 
not,  of  course,  prove  that  the  fusion  of  the  two  nuclei  is  the 
essential  part  of  the  process  ;  but  the  observation  of  the  pro- 
cess in  plants  which  have  well -differentiated  gametes  proves 
that  it  is.  The  antherozoid  of  such  plants  consists,  with  the 
exception  of  the  cilia^  almost  entirely  of  nuclear  substance :  for 
instance,  as  Strasburger  points  out,  the  antherozoid  of  Fucus 
consists  of  a  mass  of  nuclear  substance  enveloped  by  a  delicate 
layer  of  protoplasm  which  includes  the  "eye-spot,"  and  is 
prolonj^^cd  into  the  cilia.  Since  it  cannot  be  doubted  that  the 
antherozoid  fertilises  the  oosphere,  it  is  clear  that  a  quantity 
of  cell-protoplasm  (cytoplasm)  is  not  essential  to  the  process. 
This  is  even  more  strikingly  brought  out  in  the  process  of 
fertilisation  in  Phanerogams,  in  which  no  protoplasm  accom- 
panies the  nucleus  {male  pronucleus)  derived  from  the  pollen- 
tube,  as  it  enters  the  oosphere  to  fuse  with  the  nucleus  of  the 
oosphere  {female  pronucleus). 

The  details  of  the  sexual  process  to  Phanerogams  are,  according  to 
Strasburger,  as  follows.  In  the  Gymnosperms  a  generative  nucleus  or 
male  pronucleus  escapes  throug:h  the  mucilaginous  end  of  the  pollen-tube, 

enters  the  oosphere,  travels  to  the  female  pronucleus,  and  fuses  with  it 
(see  Fig.  71,  p.  617,  Fig.  76).  In  the  An^iospcnns,  when  the  polien-tube 
comes  into  contact  w  ith  the  synergida-,  a  portion  of  its  protoplasm  enclos- 
ing a  generative  nucleus  passes  out  through  the  mucilaginous  apex  of 
the  pollen  tube,  and  travels  between  the  disorganised  syncrgid.c  to  the 
oosphere.  The  generative  nucleus  or  male  pronucleus  then  enters  the 
oosphere,  leaving  behind  it  the  protoplasm  which  had  served  as  a  vehicle 
and  fuses  with  the  female  pronucleus  (Fig.  75). 

Before  we  enter  upon  the  discussion  of  the  physiological 
8tgm*ficance  of  these  facts  of  reproduction,  we  will  turn  our 
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attention  to  certain  other  points.  In  the  first  place,  we  may 
enquire  why  it  is  that  plants  reproduce  themselves  by  means 

of  spores  ;  for,  as  we  have  seen,  their  somatic  cells  so  generally 
possess  the  reproductive  capacity  that  the  necessity  for  the 
production  of  specialised  reproductive  cells  may  well  be 
questioned  There  can  be  no  doubt,  however^  that  the  for- 
mation of  spores  is  of  great  biological  importance  in  main- 
taining the  existence  of  the  various  kinds  of  plants.  Spores 


Fig*  75  (after  Stra>l>ur^ci).  I'L■rliIi^atton  in  an  Anjno«;pfnTt  [Afonofrof^a  //y/^opifjfs). 
In  A,  the  inak-  and  female  pronuclei  aie  prcsL-nl  in  tlie  i>os]iherc  o.  In  /?, 
Ihe  male  anil  feriiak  jnonuclei  have  neaiiy  completed  their  fusion;  the 
nucleoli  have  not,  however,  quite  coaloced. 

arc  capable,  namely,  of  retaining;  their  vitality  under  external 
conditions,  such  as  long  drought,  lack  of  food,  extremes  of 
heat  or  cold,  etc.,  which  would  prove  fatal  to  the  individual 
plant  But  this  property  is  also  possessed  in  a  high  degte^ 
by  the  variously  modified  buds  (bulbs,  bulbils,  gemm«,  corms) 
which  subserve  vegetative  reproduction.   But  spores  afford 
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this  further  advantage  that  they  facilitate  the  distribution  of 

individuals  of  the  same  species.  They  are  hght,  readily 
transportable  b)-  wind  or  water,  and  in  some  cases  they  are 
actively  motile.  Hence  that  close  aggregation  of  individuals 
which  would  result  from  continued  vegetative  reproduction, 
and  which  would  be  disadvantageous  to  the  species,  is  ob- 
viated by  their  formation. 

Admitting,  then,  the  advantage  accruing  from  the  pro- 
duction of  spores,  the  further  question  arises  why  the  asexual 
production  of  spores  should  not  suffice,  why  there  should  be 
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Fig.  76  (after  Strasburgcr).  Fertilisation  in  a  Gymnosperm  (/'/<<•</  vulgaris) : 
//,  pollen-tubc  ;  f ,  oosphere  ;  ////,  male  pronucleus ;  fp,  female  pronucleus. 
A  shews  the  first  appearance  of  Uie  male  pronucleus  in  the  oosphere ;  its 
movement  towards  the  female  pronucleus ;  C,  the  faaoo  of  the  two  pronuclei. 

any  sexual  production.     In  view  of  the  often  elaborate 

arran^^ements  by  which  the  performance  of  the  sexual  process 
is  ensured,  it  may  be  inferred  that  it  is  an  advantage  to  the 
species  that  spores  should  be  produced  sexually ;  that  is,  that 
spores  should  be  produced  containing  nuclear  substance 
derived  from  two  more  or  less  distinct  sources.  In  illus- 
tration of  this,  reference  may  be  made  to  those  plants  in  the 
life  histoty  of  which  alternation  of  generations  occurs :  it  is 
clear  that,  normally,  the  sexual  production  of  a  spore  is 
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absolutely  necessary  in  sucli  a  case.  In  some  plants  it  suf- 
fices that  the  nuclear  substance  should  be  derived  from  two 
organs  borne  by  the  same  individual,  in  which  case  the  sexual 
process  is  one  of  stlf -fertilisation.  In  some  plants, such  as  the 
Fungi  which  have  pollinodial  antheridia  (Peronosporese  and 
some  Ascomycetes),  self-fertilisation  alone  is  possible.  But 
in  most  cases  the  conditions  under  which  the  sexual  process 
is  effected,  for  instance,  the  formation  of  free-swimming  piano- 
gametes  and  antherozoids,  and  of  spermatia  and  pollen-grains 
which  are  readily  tra nonportable,  are  such  as  to  render  pu>sible 
the  fusion  of  sexual  ceils  derived  from  two  distinct  indi- 
viduals, that  is,  cross-fertilisation.  In  some  cases  there  are 
special  arrangements  for  ensuring  cross-fertilisation,  the  most 
general  of  which  is  dioBcism ;  that  is,  the  production  of  the 
male  and  female  organs  by  distinct  individuals.  Thus  in 
certain  Fucacea;  {Fucus  Vtsiculosus,  nodosns,  st-rra//is,  lUniaji- 
tJialia  lorca)  some  individuals  have  only  antheridia  and  others 
only  oogonia;  in  Spirogyra  and  other  Zygnemese  the  cells  of 
one  filament  act  as  male  organs^  those  of  the  other  as  female 
organs ;  among  the  Muscines  the  plants  frequently  bear  only 
either  antheridia  or  archegonia ;  in  the  Isospqrous  Vascular 
Cryptogams  the  prothallia  are  usually  hermaphrodite,  but 
exclusively  male  or  female  prothallia  occur  not  infrequently 
in  the  Filices,  and  as  a  rule  in  the  Equisetaceae.  In  hetero- 
sporous  plants  dioecism  is  brought  about  in  a  somewhat  dif- 
ferent manner.  These  plants,  as  mentioned  in  the  previous 
lecture  (p.  603),  have  two  kinds  of  spores,  macrospores  and 
microspores;  the  former  always  give  rise  on  germination 
to  a  female  (arch^oniate)  prothallium,  the  latter  to  a  male 
(anthertdial)  prothallium  ;  hence  the  male  and  female  organs 
arc  necessarily  borne  by  distinct  individuals. 

It  is  usual  to  speak  of  these  Phanerogams  only  as  being 
dioecious  in  which  the  microspores  (pollen-grains)  and  ma- 
crospores (embryo-sacs)  are  borne  by  distinct  individuals; 
but  this  usage  requires  explanation.  All  Phanerogams,  being 
heterosporous,  are  essentially  dioecious,  for  the  sexual  process 
takes  place  between  the  two  distinct  individuals  represented 
by  the  pollen-tube  on  the  one  hand,  and  by  the  more  or  less 
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cuinplete  prothallium  developed  in  the  embr>''o-sac,  on  the 
other.  Hence,  even  in  a  clcistogamous  flower,  one,  namely, 
which  does  not  open,  so  that  the  only  pollen-grains  which 
can  reach  its  stigma  are  those  developed  in  its  own  anthers, 
self-fertilisation,  morphologically  speakii^,  does  not  take 
place,  though,  physiologically  speaking,  it  does,  as  we  shall 
subsequently  see. 

Even  in  monoecious  Phanerogams  dloecism  is  practically 
attained  in  various  ways.  In  some  casc^  the  structure  of  the 
flower  is  such  that,  in  view  of  the  visits  of  insects  which  are 
attracted  by  the  colour  of  the  perianth-leaves,  or  by  the  scent, 
or  by  secreted  nectar,  the  probability-  that  foreign  pollen, 
derived  at  least  from  a  different  flower  of  the  same  plant, 
will  reach  the  stigma  is  very  much  greater  than  that  its  own 
pollen  will  do  so.  A  striking  case  of  this  is  afforded  by 
luterostykd  flowers,  such  as  those  of  various  species  of  Primula 
and  Oxalis,  Lythrum  Saiicaria,  etc.  In  other  cases  the 
same  end  is  attained  by  Dichogamy,  that  is,  that  the  two 
kinds  of  spores  come  to  maturity  at  different  times :  in  some 
plants,  termed  proUnmdmms,  the  pollen-grains  mature  first, 
in  others  {proUrogynous)  the  embryo-sacs.  In  either  case  it  is 
impossible  that  the  pollen  of  any  one  flower  should  fertilise 
the  oospheres  of  the  ovules  of  that  flower. 

ProCerandry  is  veiy  conunon  ;  in  fact,  as  Sir  John  Lubbock  observes, 
the  greater  number  of  flowere  which  contain  both  stamens  and  pistil,  are 
more  or  less  proterandrous.  The  following  are  proterogynous ;  Scro- 
phularia  nodosa,  s|>ecies  of  Plantago,  Aristoiodua,  Arum,  Euonymus, 
many  Rosacex. 

Again,  apart  from  any  structural  arrangements  for  ensuring 
cross-fertilisation,  there  are  in  some  cases  imperceptible 
physiological  conditions  which  lead  to  the  same  result.  It 
is  in  some  cases  impossible  for  sexual  reproductive  cells  of 
nearly  allied  origin  to  fuse  together.  An  indication  of  this 
is  afforded  in  Acetabularia  and  Ectocarpus  by  the  fact  that 
conjugation  can  only  take  place  between  planogametes 
derived  from  distinct  gametangia,  and  it  attains  complete 
expression  in  Dasycladus,  among  the  lower  phmts,  in  which 
conjugation  only  takes  place  between  planogametes  derived 
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from  distinct  individuals.  Amongst  I'liancro^ams,  Dar  un 
has  ascertained  that  in  many  cases  the  pollen  of  one  liuwer 
is  incapable  of  fertilising  the  oospheres  of  its  own  ovules,  and 
that  the  pollen  from  another  flower  of  the  same  plant  is  only 
slightly,  if  at  all,  more  potent  The  pollen  from  a  flower 
of  another  individual  of  the  same  species  is  potent,  and  this 
the  more  so  the  wider  the  dtfTerence  between  the  individuals : 
the  pollen  from  an  iiidi\iilual  of  a  different  \;iriety  is  more 
potent  tlian  that  from  an  individual  of  the  same  variety. 
This  physiological  relation  is  well  illustrated  by  Darwin's 
observations  on  heterostyled  plants.  Not  only  is  the  structure 
of  these  floweis  such  as  almost  certainly  to  ensure  the  convey- 
ance of  the  pollen  from  anthers  of  a  particular  height  to 
the  stigmas  of  styles  of  corresponding  length,  but  the  pollen 
from  other,  shorter  or  longer,  stamens  is  either  altogether 
impotent,  or  its  fertilising  action  is  much  feebler,  so  that  the 
number  of  seeds  produced  by  an  illegitimate  union  is  only 
a  fraction  of  that  produced  by  a  Intimate  union. 

Though,  as  we  have  seen,  cross-fertilisation  is  most 
efiectual  when  the  individuals  difier  widely  from  each  otfaer» 
there  is  a  limit  to  the  possibility  of  cross-fertilisation.  Still 
cases  of  cross-fertilisation  between  diflerent  species  of  the 
same  genus,  and  even  between  species  assigned  to  different 
genera,  are  on  record,  the  products  of  such  cross-lcrtiiisation 
being  termed  hybrids.  But  hybridisation  is  accompanied 
by  a  diminished  production  of  seeds,  and  in  many  cases  the 
hybrids  produced  have  been  found  to  be  altc^ther  sterile; 

Hybridisation  is  commonly  reciprocal ;  that  is  that  the  pollen  of  a 
species  A  will  fertilise  the  oospberes  of  a  species  B,  and  that  the  pollen 
dT  B  wUl  likewise  fertilise  the  oospberes  of  A.  But  in  many  cases  this 
has  not  been  fottnd  to  be  the  case. 

We  see,  then,  that  it  is  important  that  a  certain  relation, 
a  certain  degree  of  sexual  affinity,  sliould  exist  between  the 
sexual  reproductive  cells.  When  the  limit  is  overstepped  in 
the  direction  of  either  a  too  close  or  a  too  remote  relation,  the 
union  will  either  not  take  place  at  all,  or  the  offspring  will  be 
few  and  feeble.  From  this  point  of  view  we  are  able  to  explain 
the  apparent  anomaly,  to  whicii  aUeiitiun  has  already  been 
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drawn,  that  though  moncecious  Phanerogams  arc  strictly 
speaking  dioecious,  yet  they  are  not  so  physiologically.  The 
explanation  is  this;  that  in  the  life-history  of  the  Phanero- 
gams the  female  oophore-generation  has  come  to  be  merged 
in  the  sporophore-generation,  so  that  oosphere  and  pollen- 
grain  in  the  moncecious  forms  stand  in  the  same  physiological 
relation  to  each  other  as  two  gametes  produced  b)  the  same 
plant,  a  relation  which  is  too  close  to  admit,  in  many  cases,  of 
a  fertile  sexual  process  taking  place  between  them. 

By  his  extended  observations  on  the  relative  efficiency 
of  cross-  and  self-fertilisation,  Darwin  proves  that  the  offspring 
of  the  union  of  sexual  reproductive  cells  derived  from  two 
distinct  individuals  have  an  immense  advantage  in  height, 
weit^ht,  constitutional  vigour,  and  fertilit),  over  the  self- 
fertilised  offspring  of  one  of  the  same  plants.  This  fact 
affords  the  clue  which  wc  are  seeking  as  to  the  importance 
of  the  sexual  process.  By  means  of  the  sexual  process  the 
production  of  more  numerous  and  more  vigorous  individuals 
by  cross-fertilisation  is  rendered  possible,  and  the  maintenance 
of  the  species  ensured. 

We  will  now  briefly  refer  to  the  fact  of  sexual  degene- 
ration. It  is  remarkable  that  this  is  characteristic  of  plants 
which  are  either  parasitic  or  saprophytic  in  habit,  such  as  the 
Fungi  and  certain  Phanerogams  (Balanophorese,  Loranthacex, 
Santalaceae),  but  we  are  unable  at  present  to  give  any  satis- 
factory explanation  of  this  interesting  correlation. 

We  go  on  now  to  consider  the  relation  of  the  offspring 
to  the  parent  or  parents,  to  consider  in  other  words,  the  facts 
of  Heredity.  We  can  readily  understand  that  an  individual 
produced  by  vegetative  reproduction  resembles  its  parent. 
This  is  also  the  case  with  regard  to  an  individual  developed 
from  an  asexually  produced  spore,  at  least  in  those  plants 
which  have  no  alternation  of  generations.  In  plants  which 
have  an  alternation  of  generations,  it  is,  as  we  have  seen,  the 
alternate  generations  which  resemble  each  other;  sporophore 
resembles  sporophore,  and  oophore  resembles  oophore.  The 
hereditary  characters  of  the  sporophore  are  transmitted 
through  the  oophore  to  the  succeeding  sporophore;  and 
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similarly,  the  hereditary  characters  of  the  oophorc  aio  trans- 
mitted throuf^h  the  sporophorc  to  the  succccdinfr  oopiiore 
We  will  in  our  further  discussion  of  Heredity,  as  far  as 
concerns  plants  with  alternation  of  generations,  regard  two 
successive  sporophores  or  oophores  as  standing  to  each  other 
in  the  relation  of  parent  arid  offspring. 

With  regard,  next,  to  individuals  developed  from  sexually 
produced  spores,  we  would  iiaiuially  expect  ihat  they 
sliould  present  a  combination  of  the  characteristics  of  the 
two  parents;  and  this  they  actually  do  in  various  degrees. 
Darwin  has  pointed  out  that  when  two  individuals,  belonging 
to  the  same  family,  but  distinct  enough  to  be  recognised, 
or  two  well-marked  varieties,  or  two  species,  are  crossed^ 
the  usual  result  is  that  the  immediate  offspring  are  inter- 
mediate between  their  parents,  or  resemble  one  parent  in 
one  part  and  the  other  in  another  part.  But  this  is  by  no 
means  an  invariable  rule ;  for  in  many  cases  the  characters 
of  the  one  parent  are  much  more  marked  in  the  offspring 
than  those  of  the  other ;  that  one  parent  is  prepotent  over 
the  other.  In  illustration  of  such  a  result  from  the  crossing 
df  varieties,  Darwin  mentions  the  following  examples.  Plants 
with  striped  flowers  when  crossed  with  others  of  the  same 
species  having  uniformly  coloured  lluwers  give  rise  to  seed- 
lings which  have  uniformly  coloured  flowers.  Again,  when 
a  plant  of  Snapdragon  {Antirrhinum  ma/us)  with  peloric 
flowers  was  crossed  with  pollen  from  a  flower  of  the  common 
form,  and  the  latter,  reciprocally,  with  pollen  from  the  peloric 
form,  none  of  the  seedlings  had  peloric  flowers,  a  result  which 
was  also  obtained  by  Naudin  with  a  peloric  Linaria. 

The  relation  between  the  parents  is  still  more  strikingly 
shewn  in  the  case  of  hybrids.  Jr.  inany  cases  when  species 
are  crossed,  the  hybrid  produced  is  the  same  whether  A  has 
been  fertilised  by  pollen  from  B,  or  B  by  A ;  in  other  words, 
the  hybrid  BA  is  precisely  similar  to  the  reciprocal  hybrid 
AB.  In  such  cases  the  influence  of  the  reproductive  celb  b 
clearl)^  equal  In  some  cases,  however,  the  hybrid  resembles 
the  one  parent  more  than  the  other ;  so  that  the  hybrid  B  A  is 
not  quite  sinnlai  Lu  the  hybrid  AB.    There  is  a  ready  niethod 
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for  determining  the  relation  of  the  hybrid  to  its  two  parents. 
If  hybrids,  nanieiy,  are  fertilised  through  several  generations 
by  pollen  from  one  or  other  of  the  parent  forms,  the  progeny, 
the  deripatitfi  I^Mds  as  they  are  called,  gradually  reassume 
the  parent  form.  If  then  a  hybrid  be  precisely  intermediate 
in  character  between  its  two  parents,  it  will  require  just  the 
same  number  of  successive  fertilisations  by  the  pollen  of  each 
parent  form  to  produce  derivative  hybrids  which  exactly 
resemble  each  parent  form.  If,  on  the  other  hand,  the  hybrid 
partakes  more  of  the  nature  of  one  parent  than  of  the  other, 
the  number  of  fertilisations  necessary  to  reproduce  Ihe  one 
parent  form  will  be  less  than  that  necessary  to  reproduce  the 
other.  For  instance,  GUrtner  observed  that  when  the  hybrid 
of  Diauthus  cJiiucnsis  and  of  D.  CaryopJiylhis  was  fertilised  in 
successive  generations  by  the  pollen  of  D.  Caryophyllus,  the  de- 
rivative hybrid  of  the  third  or  fourth  generation  was  a  D.  CaryO' 
phyUus ;  whereas  when  fertilised  by  the  pollen  of  D.  ckinensis^ 
it  was  not  until  the  fifth  or  sixth  generation  that  the  D,  Mneit' 
sis  was  reproduced.  In  this  case  D,  Ca$yopf^llus  was  clearly 
prepotent  over  D.  Mnsnsis  in  the  production  of  the  hybrid. 

There  is  a  fact  of  great  interest,  which  may  be  conveni- 
ently mentioned  here,  that  hybrids  may  be  produced  not 
only  by  means  of  sexual,  but  also  vegetative  reproduction. 
Hybrids  produced  in  this  way  are  termed  grafl- hybrids.  As 
a  rule,  in  the  process  of  grafting  neither  the  graft  (or  scion) 
or  the  stock  is  affected;  each,  as  it  grows,  manifests  in  all  its 
organs  its  own  characteristics.  But  instances  are  on  record 
of  their  mutually  affecting  each  other  A  well-known  case  of 
this  kind  is  that  of  the  Cytisus  Adami.  The  origin  of  this 
form  is  st  dt  d  as  follows:  a  shoot  of  Cytisus  purpureus  was 
grafted  on  a  stock  of  Cytisus  Laburnum :  from  this  were 
produced  many  shoots,  one  of  which  grew  vigorously,  and 
developed  larger  leaves  than  those  of  C.  purpureus,  and  from 
this  shoot  plants  were  propagated  constituting  the  Cytisus 
Adami,  On  flowering,  it  was  found  that  the  flowers  were  of 
a  dingy  red.  Various  other  cases  of  the  same  kind,  notably 
of  the  effect  produced  on  the  stock  by  grafting  scions  with 
variegated  leaves,  are  given  by  Darwin. 
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But  il  clues  not  always  happen  that  an  individudl  produced 
sexually  presents  the  characters  of  its  parents  ;  it  is-  snnie- 
times  the  case  that  it  possesses  new  characters.  1  his  is  true, 
though  it  is  much  less  common,  even  of  individuals  produced 
vegetatively.  This  development  of  new  characters  constitutes 
what  is  known  as  Variaiion  ;  when  it  occurs  in  an  individual 
developed  from  a  seed,  it  is  termed  seed^variation^  when  in 
one  produced  veg^etativcly  bud -variation,  liud-variation  is 
most  commonly  manifested  in  this  way,  that  a  branch  of  the 
plant  produces  leaves  which  differ  in  form  or  colour — varie- 
gated leaves,  for  example, — from  those  of  the  other  branches ; 
or  a  flower  which  is  abnormal  in  form  or  colour ;  or  a  peculiar 
fruit,  as  when  a  branch  of  a  Peach-tree  bears  a  nectarine. 
By  these  means  new  forms,  termed  varieiUs^  are  produced. 
The  varietal  characters  are  not,  however,  reproducible  with 
certainty  by  means  of  sexual  rcpn  vhu  tion,  for  there  is  in  the 
offspring  of  varieties  a  tendency  to  assume  the  specific  form,  a 
tendency  which  is  known  as  Reversion.  The  hereditary  cha- 
racters are,  namely,  of  different  values.  There  are,  first  of 
all,  those  which  are  characteristic  of  the  class  to  which  the 
plant  belongs :  then  tiiose  which  are  characteristic  of  the 
Natural  Order,  of  the  grcnus,  of  the  species,  and  finally  those 
of  the  vai  icLy.  Of  these,  those  which  arc  characteristic  of 
the  wider  groups  are  the  most  constantly  transmitted  ;  and 
even  the  specific  characters  are  transmitted  almost  equally 
well  -by  sexual  as  by  asexual  reproduction.  But  this  is  not 
the  case  with  regard  to  the  varietal  characters.  Darwin 
says,  when  a  new  peculiarity  appears,  we  can  never  predict 
with  certainty  that  it  will  be  transmitted  by  sexual  reproduc- 
tion; but  if  both  parents  present  the  same  peculiarity,  the 
probability  is  great  that  it  will  be  transmitted  to  at  least 
some  of  their  progeny.  The  varietal  peculiarities  can  only 
be  reproduced  with  any  certainty  by  vegetative  reproduction, 
and  it  is  on  this  account  that  propagation  by  means  of 
cuttings,  grailts,  etc.,  is  so  much  resorted  to  in  horticulture. 

The  discussion  of  the  causes  of  variation  will  be  deferred 
for  the  present,  but  it  may  be  pointed  out  that  variability  is 
promoted  by  cultivation  and  by  crossing.    In  fact  there  is 
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scarcely  a  plant  which  has  lon^  been  cultivateU  and  pro- 
pagated by  seed,  which  is  not  highly  variable. 

Now  that  we  have  become  acquainted  with  the  main 
facts  of  reproduction  in  plants,  we  will  endeavour  to  eluci- 
date their  physiolc^ical  significaoce,  to  form  some  general 
theory  of  reproduction.  Many  such  theories  have  been  pro- 
pounded at  different  times,  but  we  will  confine  our  attention 
to  some  of  the  more  recent.  Beginning  with  Darwin's  theory 
of  Pangenesis,  we  find  its  main  assumption  to  be  this,  that 
each  separate  part  or  unit  of  the  body  throws  off  minute 
gemmulesy  not  only  in  the  adult  state,  but  during  all  stages 
of  development  of  the  organism.  These  gemmules  are  capable 
of  multipiyii^^  by  division,  and  they  may  either  develope 
inunediately  on  their  formation,  or  they  may  remain  dormant 
for  a  longer  or  shorter  period,  and  so  be  transmitted  from 
generation  to  generation.  When  the  gemmules  are  especially 
aggregated  in  certain  parts  of  the  organism,  these  parts 
constitute  the  reproductive  oi^ans.  In  organisms  of  high 
oiganisation  the  gemmules  are  confined  to  the  specialised 
reproductive  organs;  but  in  organisms  of  lower  organisation 
they  are  not  thus  confined,  but  are  dispersed  throughout  the 
body,  so  that  almost  any  member  which  may  be  isolated  can 
develope  into  a  new  individucii. 

The  theory  of  Pangenesis  certainly  facilitates  a  reason- 
able apprehension  of  the  main  facts  of  reproduction.  We 
can  account  for  the  great  capacity  of  plants  for  vegetative 
reproduction,  by  attributing  it  to  a  dispersion  of  the  gemmules 
throt^hout  the  body.  For  instance,  a  cutting,  when  planted, 
produces  roots  and  thus  constitutes  a  new  individual ;  and  it 
is  able  to  produce  roots  because  at  the  time  of  separation 
from  the  parent-plant  it  contained  root-gemmules.  Similarly, 
it  eventually  produces  reproductive  organs,  because  it  con- 
tained reproductive  gemmules.  Again,  on  this  theory,  spores 
are  reproductive  cells  which  are  so  rich  in  gemmuJes,  that 
they  can  develope  into  a  complete  individual;  whereas 
gametes  are  reproductive  cells  which  do  not  individually 
contain  a  sufficient  number  of  gemmules  for  independent 
development    Hence  the  significance  of  the  sexual  process 
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is,  that  by  the  fusion  of  two  ificomplete  sexual  reproductive 

cells,  a  complete  reproductive  cell,  a  spore,  is  formed.  The 
throwing  off  of  the  polar  bn  iiV  s  indicates  the  impoverishment, 
as  it  were,  of  the  sexual  reproductive  cells,  which  presents 
parthenogenesis,  and  renders  cross-fertilisation,  with  all  its 
attendant  advantages,  a  possibility.  Further,  it  affords  an 
explanation  of  heredity,  crossing,  and  hybridisation.  A  new 
individual,  whether  produced  by  vegetative  reproduction  or 
by  spores,  will  more  or  less  closely  resemble  its  parent  or 
parents,  because  it  contains  gcmmules  derived  from  all  parts 
of  the  parent  or  parents.  When  a  cross  or  hybrid  is  inter- 
mediate in  character  between  its  parents,  it  is  so,  as  we  have 
seen,  because  the  sexual  cells  agree  in  power ;  we  restate  this, 
according  to  the  theory  of  Pangenesis,  by  saying  that  each 
parent  contributes  an  equal  number  of  equivalent  gemmules  to 
the  offsprine^.  When,  on  the  other  hand,  a  cross  or  a  hybrid 
resembles  one  parent  more  than  the  other,  when  the  one 
parent  is  prepotent  over  the  other,  it  is  because  the  gemmules 
derived  from  the  prepotent  parent  have  some  advantage  in 
number,  affinity,  or  vigour,  over  those  derived  from  the  other 
parent  Reversion  is  explained  by  the  assumption  that  the 
gemmules  remain  dormant  through  several  generations,  and 
when  they  proceed  to  develope  in  any  individual  it  manifests 
the  characters  of  the  individual  from  which  the  gemmules 
were  originally  derived.  This  property  of  the  gemmules  to 
lie  dormant  may  also  be  used  to  explain  alternation  of  gene- 
rations. In  plants  exhibiting  this  it  is,  as  we  have  seen,  the 
alternate  generations  which  resemble  each  other ;  sporophore 
resembles  sporophore,  and  oophore  resembles  oophore.  The 
gemmules  derived  from  a  sporophore  He  dormant  in  the  oo- 
phore, and  develope  in  the  succeeding  sporophore  ;  similarK-, 
the  gemmules  derived  from  an  oophore  are  dormant  in  the 
sporophore  and  develope  in  the  succeeding  oophore.  Finally, 
the  increased  variability  which  is  induced  by  changed  condi- 
tions, cultivation  for  instance,  is  ascribed  to  an  influence  on 
the  reproductive  oigans  which  leads  to  an  irregular  aggiega- 
tion  of  the  gemmules  in  them,  some  being  in  excess  and 
others  deficient   As  to  the  variation  which  results  from  the 
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direct  action  of  diang^ed  conditions,  the  gcmmules  derived 

from  the  modified  parts  will  be  themselves  modified,  and 
when  sufficiently  multiplied,  will  supplant  the  old  gemmules 
and  be  developed  into  structures  possessing  the  new  cha- 
racters. 

Although  the  facts  of  reproduction  can  be  so  readily  ex- 
plained on  the  theory  of  Pangenesis,  still  there  are  objections 
to  its  being  literally  accepted.  In  the  first  place,  there  is  no 
experimental  evidence  that  the  gemmules  actually  exist;  and 
in  the  second,  it  requires  a  great  stretch  of  imagination  to 
conceive  that  a  spore  could  possibly  contain  all  the  gemmules 
necessary  for  the  development  of  an  individual;  for  amongst 
these  gemmules  there  must  be  representatives  of  every  cell 
of  the  parent  in  every  stage  of  its  development ;  and  not 
only  these,  but  dormant  gemmules  also,  transnutted  from 
countless  ancestors. 

The  theory  of  Pangenesis  has  been  restated  by  Brooks  in 
a  form  so  modified  as  to  meet  the  objection  raided  to  the 
Darwinian  statement  of  it  on  the  score  of  the  countless 
number  of  the  gemmules  which  must  be  assumed  to  be 
present  in  a  reproductive  cell  According  to  Brooks  each 
cell  of  the  body  has  the  power  of  throwing  cff  gemmules ; 
but  it  only  exerts  this  power  when,  through  a  change  in 
its  environment,  its  function  is  disturbed  and  the  conditions 
of  lite  bccuiiic  unfavourable.  The  gemmules  may  be  carried 
to  all  parts  of  the  body.  They  may  penetrate  to  the  female 
cell,  or  to  a  bud,  and  the  male  cell  has  acquired,  as  its 
distinctive  function,  a  peculiar  power  to  gather  and  store  up 
the  gemmules.  In  the  process  of  fertilisation,  each  gemmule 
from  the  male  cell  conjugates  with  or  impregnates  that 
particle  of  the  female  cell  which  corresponds  to  the  one  which 
produced  the  gemmule;  or  else  it  unites  with  a  closely  re- 
lated particle,  destined  to  give  rise  to  a  closely  related  cell. 
When  this  cell  becomes  developed  in  the  body  of  the  off- 
spring it  will  be  a  hybrid,  and  will  therefore  tend  to  vary. 
A  cell  which  has  thus  varied  will  continue  to  throw  off 
gemmules,  and  thus  to  transmit  variability  to  the  corre* 
sponding  part  in  the  bodies  of  successive  generations  of 
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descciiclciiits  until  a  kivourablc  varialion  is  seized  upon  b)" 
natural  selection.  An  the  female  cell  which  produced  the 
organism  thus  selected  will  transmit  the  same  variation  by 
direct  inheritance  to  the  female  cells  which  it  itself  produces, 
the  characteristic  will  be  established  as  an  hereditary  charac- 
teristic, and  will  be  perpetuated  and  transmitted,  by  the 
selected  individuals  and  their  descendants,  without  gemmules. 

This  restatement  certainly  gets  over  the  difficulty  which  it 
was  framed  to  meet,  but  it  raises  new  difficulties.  Without 
contesting  the  possibility  of  cells  throwing  off  gemmules, 
it  may  be  enquired  why  it  is  that  gemmules  should  only 
be  thrown  off  under  the  stimulus  of  unfavourable  conditions, 
and  how  it  is  that  the  reproduction  of  those  parts  which 
do  not  throw  off  gemmules  is  effected.  Darwin's  theory  is 
at  least  consistent  in  that  it  applies  to  the  reproduction  of 
ill!  parts  uhatsoever,  whereas  Brooks*  theory  is  not.  The 
restatement  is  certainly  not  less  open  to  objection  than  the 
original  theory. 

In  connexion  with  his  restatement  of  the  theory  of  Pange> 
nesis,  Brooks  proposes  a  theory  of  the  sexual  process  which 
may  be  mentioned  here,  but  which  will  not  be  discussed  until 
later.  It  is  generally  assumed  that  both  the  male  and  the 
female  cells  transmit  to  the  offspring  of  their  union  the 
characters  of  the  two  individuals  which  have  produced  them 
respectively.  Brooks,  however,  considers  that  the  function 
of  the  two  cells  in  relation  to  the  progeny  is  different 
According  to  his  view  the  male  cell  is  the  originating,  and 
the  female  the  perpetuating;  factor;  the  ovum  is  conservative, 
the  male  cell  progressive.  Heredity,  or  adherence  to  type, 
is  brouL^ht  about  by  the  leiiiale  cell;  variation  and  aUapialion 
throiij^h  the  male  cell;  the  female  cell  is  the  essential,  the 
male  cell  the  secondary,  factor  in  heredity. 

The  next  theory  of  reproduction  which  we  will  consider  is 
^at  put  forward  by  Na^lt.  Before  entering  upon  the 
discussion  of  it,  a  short  account  must,  for  the  sake  of  clear- 
ness, be  given  of  his  views  as  to  the  constitution  of  proto- 
plasm. He  distinguishes  in  protoplasm  two  parts,  the  fluid 
(Hygroplasma)  and  the  solid  (Stercoplasmaj.    The  active 
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organising  part  of  the  protoplasm  he  considers  to  be  a  part 

of  the  Stereoplasm,  which  he  terms  Idioplasm;  the  rest 
of  the  protoplasm  he  regards  as  being  simply  nutritive.  He 
conceives  of  the  idioplasm  as  forming  a  continuous  network 
throughout  the  organism,  but  its  properties  are  not  the  same 
ia  all  parts,  the  differences  being,  not  of  a  material,  but  of  a 
dynamical  nature.  The  idioplasmic  network  of  the  adult 
oiganism  has  been  gradually  formed  by  growth  from  the 
idioplasm  of  the  spore:  the  idioplasm  of  the  spore  is  the 
microcosmic  image  of  the  macrocosmic  organism.  Repro- 
ductive cells  are  formed  by  the  return  of  portions  of  the 
somatic  idioplasm  to  the  condition  of  the  idioplasm  of  the 
spore  from  which  the  oiganism  sprang,  in  a  word  to  the 
•  embiyonic  condition,  the  return  consisting  in  a  dynamical 
change  A  complete  reproductive  cell«  that  Is,  a  spores  con- 
tains just  so  much  idioplasm,  and  that  in  the  same  condition, 
as  did  the  spore  of  the  previous  generation ;  incomplete 
reproductive  cells,  that  is,  gametes,  contain  a  smaller  amount 
of  embryonic  idioplasm  than  this,  and  hence  comes  the 
necessity  for  a  sexual  process.  The  sexual  process  takes 
place  in  virtue  of  a  specific  attraction  between  the  gametes  of 
the  two  sexes,  and  consists  in  the  fusion  of  the  idioplasm 
of  the  two  cells.  Naegeli  leaves  it  an  open  question  whether 
this  fusion  is  material,  or,  as  it  were,  dynamical,  but  he 
distinctly  inclines  to  the  latter  alternative.  Heredity  de- 
pends upon  a  transmission  of  the  properties  of  the  idioplasm. 
The  law  of  heredity  is  the  analogue  of  the  physical  law  of 
inertia.  Just  as  a  body  in  motion  continues  to  move  in 
the  same  direction  and  with  the  same  velocity  unless  acted 
upon  by  some  external  force,  so  the  dynamical  condition 
of  the  idioplasm  of  the  parents  is  continued  in  the  children. 
But  the  return  of  the  somatic  idioplasm  of  the  parent,  in 
the  formation  of  reproductive  cells,  to  the  embryonic  con- 
dition of  the  spore  from  which  the  parent  sprang  is  not 
exact;  so  that  the  offspring  never  quite  resemble  their 
parent  or  parents.  Hence  comes  variation.  The  difference 
between  offspring  and  parents  which  is  due,  on  Naegeli's 
assumption,  to  inherent  variability,  is  the  expression  of  the 
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advance  made  In  one  generation,— the  nature  of  the  advance 
beingf  determined  largely  by  the  external  conditions.  With 

regard  to  reversion,  he  assumes  that  newly  acquired  properties 
of  the  idioplasm  may  remain  latent,  and  thus  the  older 
properties  of  the  idioplasm  will  be  able  to  assert  themselves. 

It  is  impossible,  within  our  present  limits,  to  enter  into 
the  detail  of  Naegeli's  theoty  of  the  constitution  of  the  idio- 
plasm, and  it  is  therefofe  also  impossible  to  minutely  critidse 
it  The  distinction  of  an  active  protoplasm,  the  idioplasm, 
in  the  organism  is  certainly  an  assistance  to  our  apprehension 
of  physiological  facts;  it  leads  us  to  regard  the  protoplasm 
of  the  plant-body  as  constituting  a  whole.  And,  like  the 
theory  of  pangenesis,  it  enables  us  to  obtain  an  insight  into 
the  facts  of  reproduction,  with  this  advantage,  that  it  is  not  so 
inherently  improbable. 

We  come  now  to  Strasburgei's  theory  of  reproduction. 
He  agrees  with  Naegeli  in  the  opinion  that  the  active  pro- 
perties of  protoplasm  reside  in  a  particular  portion  of  it. 
He  distinguishes,  alike  in  the  nucleoplasm  and  in  the  cyto- 
plasm, a  nutritive  hyaloplasm  and  a  formative  hyaloplasm, 
the  latter  corresponding  to  Naegeli's  idioplasm;  the  nudeo- 
hyaloplasm  constitutes  a  single  coiled  filament  (see  p.  27), 
whereas  the  cyto*hyaloplasm  has  no  constant  arrangement. 
But  Strasburger  diflTers  from  Naegeli  in  that  he  attributes  a 
funcUunal  predominance  to  the  nucleo-idioplasm.  So  long 
as  a  cell  is  capable  of  growth,  it  is  the  nucleus  which  deter- 
mines the  gro"\\i:h  and  the  mode  of  growth.  The  metabolism 
of  the  nutritive  cytoplasm  is  directed  by  the  nucleus  so  that 
the  products  are  of  a  particular  kind  and  nourish  the  idioplasm 
in  a  particular  manner.  Thus,  in  a  germinating  spore,  the 
formative  activity  of  the  cyto-idioplasm  is  controlled  so  that 
the  characteristic  form  of  the  developing  organism  is  grad- 
ually evolved.  Strasburger  agrees  with  Naegeli  that  the 
reproductive  capacity  of  a  cell  depends  upon  its  being  in 
the  embryonic  condition,  and  points  out  that  the  character- 
istic feature  of  this  condition  is  the  enormous  size  of  the 
nucleus  in  relation  to  the  cytoplasm.  From  thb  point  of 
view  the  great  capacity  of  plants  for  vegetative  reproductiofi 
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Is  to  be  accounted  for  thus,  that  almost  all  parts  of  plants 
contain  embtyonic  cells^  or  that  their  cells  are  capable  of 
readOy  returning  to  the  embryonic  condition:  in  other  words, 
the  nuclei  of  certain  cells  in  these  parts  are  either  already 

rich  in  n u cleo-id ioplasm ,  or  are  capable  of  becoming  so. 

In  harmony  with  this  conception,  Strasburgcr  regards  the 
extrusion  of  the  paranucleolus  in  the  development  of  spores, 
and  of  the  polar  body  in  the  development  of  gametes,  as 
being  the  expression  of  the  return  of  the  corresponding  nudet 
to  the  embryonic  condition:  but  he  does  not  consider  that 
the  extrusion  of  a  polar  body  is  an  essential  condition  of  the 
devclupnii-iit  of  a  gamete.  He  says,  namely,  that  the  differ- 
entiation of  the  nucleus  of  the  male  or  the  female  gamete 
does  not  depend  upon  the  extrusion  of  definite  constituents, 
but  upon  a  rearrangement  of  its  substance,  this  rearrange- 
ment being,  however,  accompanied  in  many  cases  by  an 
extrusion  of  a  portion  of  the  nuclear  substance.  In  his 
opinion  the  extrusion  of  a  portion  of  the  nuclear  substance 
does  not  take  place  in  the  majority  of  cases,  but  only  an 
excretion  or  a  delimitation  of  a  portion  of  the  cytoplasm, 
which  has  the  effect  of  ensuring  the  appropriate  nutrition 
of  the  nucleus  by  the  remaining  c}rtoplasm.  On  another  page 
of  his  work,  however,  Strasburger  seems  to  take  a  somewhat 
diflerent  view,  for  he  insists  there  that  the  differentiation 
of  generative  nuclei  depends  upon  their  idioplasm  being 
reduced  to  one  half  the  mass  of  that  in  a  fertilised  female 
cell.  This  reduction  is  aflfectcd  by  indirect  nuclear  division. 
Hence,  the  two  nuclei  are  assumed  to  be  exactly  alike,  so 
that  the  extrusion  of  a  polar  body  does  not  mean  the  ex- 
trusion of  particular  constituents  of  the  nucleus  but  simply  its 
reduction  by  one  half.  When,  as  in  the  pollen-tube,  the  two 
nuclei  thus  formed  clearly  differ  in  function,  Sttasburger 
accounts  for  it  by  assuming  that  the  nuclei,  though  quite 
similar  at  first,  have  come  to  differ  in  consequence  of  having 
been  somewhat  differently  nourished. 

Strasburger  is  not  disposed  to  admit  that  there  is  any 
essential  difference  between  the  sexual  reproductive  cells. 
He  considers  that  two  gametes,  for  instance  an  oosphere 
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and  an  antherozoid»  do  not  difTer  in  nature,  and  the  various 
external  sexual  differences  he  regards  as  being  simply  means 

to  ensure  the  coalescence  of  tlie  appropriate  gametes. 

With  regard  to  heredity,  Strasburi^er  is  of  opinion  Uiat 
the  nucleus  of  the  reproductive  cell  is  the  means  by  whicli 
the  hereditary  characters  are  transmitted,  and  he  adduces 
evidence  to  prove  that  the  idioplasmic  filament  of  the 
nucleus  consists  of  a  number  of  segments  derived  from 
previous  generations.  Such  a  view  clearly  puts  a  limit  to 
the  time  within  which  reversion  may  manifest  itself,  for, 
in  the  course  of  a  few  generations  the  amount  of  nucleo- 
idioplasm  in  the  spore  which  can  be  traced  back  to  any 
particular  ancestor  must  be  very  small  Strasburger  himself 
points  out  that  in  the  twentieth  generation  it  would  be 
scarcely  one  millionth  part  The  fact  that  all  the  ancestral 
characters  may  not  manifest  themselves  in  any  given  in- 
dividual is  explained  by  Strasburger,  in  agreement  with 
Naegeli,  on  this  wise,  that  inherited  characters  iiUiy  remain 
latent;  that  is,  the  inherited  properties  of  the  nucleo-idio- 
plasm  of  the  spore  may  not  all  influence  the  cytoplasm 
simultaneously.  Strasburger  also  agrees  with  Naegeli  in 
assuming  inherent  variability,  and  in  denying  the  inherit- 
ance of  acquired  characters. 

Finally,  there  is  Weismann's  Theory  of  a  special  repro- 
ductive substance  {Keimplasma).  He  assumes  that  each  gene- 
ration passes  on  to  its  offspring  a  certain  amount  of  this 
reproductive  substance;  in  the  individual  the  amount  of  the 
reproductive  substance  is  increased,  the  individual  in  fact 
pnxluces  from  it  its  own  reproductive  cells,  but  the  increase 
in  quantity  is  not  accompanied  by  any  change  in  kind. 
There  is  then  a  "continuity  of  the  reproductive  substance** 
fr6m  one  generation  to  another.  As  to  the  exact  seat  and 
nature  of  the  reproductive  substance,  Weismann  considers, 
in  view  of  the  importance  of  the  two  nuclei  in  the  sexual 
process,  that  it  is  contained  in  the  nuclei  of  the  reproductive 
cells;  his  reproductive  substance  appears  in  fact  to  be  nudeo- 
idioplasm. 

The  account  which  he  gives  of  the  extrusion  of  the  polar 
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btxiy  in  the  development  of  gametes  is  the  following.  He 
considers  that  the  nucleus  of  the  developing  gamete  contains 
two  kinds  of  nucleoplasm,  namely,  reproductive  substance 
and  histogenic  (or  somatic]  substance,  and  that  in  the  ex- 
trusion of  the  polar  body  the  histogenic  substance  is  elimi- 
nated. Agreeing  with  Strasburger  as  to  the  physiological 
equivalence  of  male  and  female  gametes,  he  believes  the 
significance  of  the  sexual  process  to  be  this,  that  the  sudden 
increase  in  the  bulk  of  the  nucleus  determines  the  division  of 
the  cell  Vegetative  reproduction  takes  place  in  plants  be- 
cause the  reproductive  substance  is  widely  disseminated 
*  throughout  the  somatic  cells. 

Weismann's  theory  is  framed  specially  with  the  object  of 
explaining  the  phenomena  of  heredity.  He  denies  that  acquired 
characters  can  be  transmitted  by  sexual  reproduction.  Hence 
he  cannot  accept  either  the  theory  of  Pangenesis,  which 
assumes  the  presence  in  the  reproductive  cells  of  gemmules 
from  all  parts  of  the  organism,  or  the  view  of  Naegeli  and 
Strasbuiger,  that  a  somatic  cell  may  return  to  the  embryonic 
condition,  in  other  words,  that  a  conversion  of  somatic  sub- 
stance into  reproductive  substance  may  take  place.  Under 
these  circumstances  the  assumption  of  the  continuity  of  the 
reproductive  substance  becomes  a  logical  necessity.  His 
theory  of  variation  is  also  based  upon  the  negation  of  the 
inheritance  of  acquired  characters  by  sexual  reproduction. 
Acquired  characters,  he  asserts,  can  only  be  transmitted  by 
asexual  reproduction.  He  therefore  refers  the  origin  of 
acquired  characters  to  the  ancestral  unicellular  plants  which 
multiplied  only  asexually.  These  unicellular  plants,  after 
multiplying  asexually  through  countless  generations,  acquired 
a  great  variety  of  characters  in  response  to  changes  in  the 
external  conditions,  and  then,  when  sexual  reproduction  was 
evolved,  the  ancestral  characters  of  the  two  parents  were  com- 
bined in  the  sexually  produced  individual.  The  whole  pro- 
cess of  evolution  since  the  first  api)earance  of  sexual  repro- 
duction is  then  simply  the  expression  of  the  repeated  re- 
combination in  various  ways  of  the  characters  acquired  by 
the  asexual  unicellular  progenitors  of  the  race. 
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We  will  now,  in  briefly  criticising  these  various  tiieories  of 

reproduction,  endeavour  to  ascertain  which  of  them  most 
naturally  explains  the  facts  before  us. 

There  can  be  no  doubt  the  idea  which  underlies  Naegcli's 
theory  of  reproduction,  the  idea,  namely,  that  the  protoplasm 
of  each  organism  constitutes  one  complete  whole,  is  the  only 
reasonable  foundation  on  which  to  frame  a  theory  of  repro- 
duction. The  protoplasm  of  every  plant  presents  a  certain 
definite  form,  or  a  certain  external  se^entation,  and  if  a 
portion  of  that  protoplasm  be  isolated  iL  w  ill,  if  it  can  grow  at 
all,  grow  in  such  a  way  as  to  reproduce  the  form  and  seg- 
mentation of  the  mass  of  protoplasm  of  which  it  once  formed 
part  This  may  be  illustrated  by  an  analogy  borrowed  from 
Ffli^er.  If  a  small  imperfect  crystal  of  any  salt  be  placed  in 
a  saturated  solution  of  that  salt,  it  will  first  repair  its  crystal- 
line form,  and  then  increase  in  size.  An  exact  parallel  is 
afforded  by  a  cutting.  The  cullmj^,  let  us  say,  formed  pai  t 
of  a  plant  the  protoplasm  of  which  was  segmented  into  stem, 
leaf,  and  root.  The  segmentation  of  the  cutting  is  incom- 
plete;  it  has  no  roots;  it  is  comparable  to  the  imperfect 
crystal  On  being  planted,  however,  the  cutting  completes  its 
segmentation  by  producing  roots,  just  as  the  imperfect  crystal 
in  the  saturated  solution  completed  its  crjrstalline  form. 

It  may  be  objected  that  this  analogy  does  not  hold  good 
in  all  cases.  There  is  the  fact,  for  instance,  that  when  a  stem 
is  cut  across,  a  new  stem  is  not  developed  at  the  cut  surface. 
On  examination,  however,  it  will  be  found  that  this  objection 
has  no  real  weight  In  the  case  of  most  plants,  though  it  is 
true  that  the  original  stem  will  not  be  replaced,  and  that  the 
surface  of  the  wound  will  become  covered  by  a  layer  of 
callus,  yet  a  new  shoot  is  developed  from  one  of  the  lateral 
buds;  so  that  after  all  the  protoplasm  of  the  plant  is  still 
segmented  into  root  and  shoot.  In  the  case  of  plants  which 
have  no  lateral  buds,  there  is  no  possibility  of  repair,  and  so 
the  injury  proves  fatal. 

We  may  regard  the  development  of  an  individual  firom  a 
spore  in  like  manner.  The  protoplasm  of  a  spore  may  be 
compared  to  a  minute  complete  crystal ;  and  just  as  such  a 
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crystal  will,  under  appropriate  conditions,  grow  into  a  large 
one,  so  the  protoplasm  of  the  spore,  possessing  the  power  of 
growth  and  of  cell-division,  will,  under  favourable  conditions^ 
grow  into  an  Individual  resembling  that  from  which  it  was 
derived. 

Without  expressing  any  opinion  as  to  the  propriety  of 
Naegeli's  assumption  of  the  idioplasm,  we  simply  regard  the 

repr*jductiv  c  capacity  as  bein<^  one  of  the  fundamental  pro- 
perticii  of  protoplasm  (see  p.  6).  From  this  point  of  view 
we  cannot  but  regard  the  assumption  of  reproductive  gcni mules 
in  the  theory  of  Pangenesis,  and  of  a  special  "  reproductive 
substance"  as  in  Weismann's  theoiy,  as  altogether  un- 
necessaiy.  Just  as  it  Is  superfluous  to  suppose  that  the  repair 
of  a  broken  crystal,  to  return  to  our  Illustration,  Is  due  to  the 
presence  of  gemmules  or  of  a  special  reproductive  substance, 
so  also  is  the  supposition  superfluous  to  explain  the  de- 
velopment of  roots  by  a  cutting. 

But,  as  we  have  seen,  it  is  not  all  the  cells  of  a  complex 
individual  that  are  capable  of  reproduction.  Only  those  are 
capable  which  are  in  a  particular  condition,  a  condition  which 
we  may  term,  with  Strasburger,  the  embryonic  condition. 
This  condition  of  the  cell  doubtless  depends  mainly  on  the 
nucleus,  and  the  appropriate  state  of  the  nucleus  may  be 
detcriiiincd,  as  Strasburger  suggests,  by  the  presence  of  an 
adequate  proportion  of  nucieo-idioplasm. 

From  this  point  of  view,  the  facts  of  v^;etatlve  repro- 
duction are  susceptible  of  ready  explanation.  V^etative 
reproduction  Is  effected  by  means  of  what  we  may  term  em- 
br)ronic  somatic  cells.  In  a  growing  plant  such  cells  are 
always  present,  and  give  rise  to  new  organs  and  tissues. 
When  a  portion  of  a  plant  containing  such  cells  is  isolated 
and  placed  under  favourable  conditions,  these  cells  give  rise 
to  the  members  necessary  to  complete  the  segmentation  of 
the  imperfect  indtviduaL 

It  may,  however,  happen  that  a  part  of  a  plant  which  con- 
tains no  emlMryonic  cells,  may  subserve  vegetative  repro- 
duction ;  for  instance,  the  propagation  of  Hegonias  from 
pieces  of  leaf:  probably  all  cases  of  leaf-prolifcration  are 


664 


LECTURE  XXIII. 


instances  of  this.  In  such  a  case  we  can  only  assume  that 
some  of  the  adult  .soinatic  cells  of  the  leaf  have  returned  to 

« 

the  embryonic  condition. 

We  will  now  discuss  the  significance  of  the  processes 
which  accompany  the  development  of  reproductive  ceUs,  and 
which  lead  to  this  result,  that  the  original  nadear  substance 
of  the  mother-cell  does  not  all  go  to  form  the  nuclear  sub- 
stance of  Uic  one  or  more  reproductive  cells  to  which  it  gives 
rise,  but  that  a  portion  oi  the  original  nuclear  substance  is,  at 
some  stage  or  other,  excUided  from  taking  part  in  the  formative 
process.  We  have  seen  that,  in  the  case  of  spores,  the  pro- 
cess is  a  comparatively  simple  one,  consisting  merely  in  the 
extrusion  of  a  portion  of  the  nuclear  substance  of  the  mother- 
cell,  whereas,  in  the  case  of  gametes,  it  is  more  complicated, 
involving  at  least  nuclear  division,  and  not  uncommonly  cell- 
division. 

With  regard  to  the  extrusion  of  the  paranucleoUis  from 
the  spore-mother  cell,  we  have  no  direct  evidence  to  prove 
that  it  is  essential  to  the  differentiation  of  the  spores  as  re- 
productive cells,  but  the  peculiarity  of  the  process  is  emi- 
nently suggestive.  Strasbuiger  suggests  that  the  extrusion 
of  the  paranucleolus  is  the  expression  of  the  return  of  the 
cell  to  the  embryonic  condition ;  but,  if  we  consider  that 
spores  are  specialised  reproductive  cells,  differing  from  the 
somatic  embryonic  cells  of  the  plant  in  that  tht-y  add  neither 
to  tlie  tissues  nor  the  organs  of  the  parent,  but  develope  into 
distinct  organisms,  we  are  led  to  conclude  that  the  extrustoo 
of  the  paranucleolus,  if  it  means  anything,  means  more  than 
this.  The  significance  of  the  process  is  probably  this,  that  it 
marks  the  differentiation  of  a  reproductive  from  a  somatic 
cell.  We  ma)  ])ut  the  case  in  this  way,  that  if  the  extnision 
of  the  paranuclcuius  did  not  take  place,  the  division  of  the 
spore  on  germination  would  lead  to  the  production,  not  of  the 
body  of  a  new  organism,  but  of  mere  repetitions  of  itself.  It 
may  be  that  the  extnision  of  the  paranucleolus  is  the  ex- 
pression  of  the  elimination  of  what  Weismann  tenns  the 
histogenic  nucleoplasm. 

Passing  now  to  the  consideration  of  the  significance  of  the 
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extrusion  of  the  polar  body  in  the  devcloi)ment  of  gfametes, 
we  find  that  there  is  reason  to  regard  it  as  of  profound 
physiological  significance.  There  is»  in  the  first  place,  the 
fact  that  a  gamete,  in  the  development  of  which  the  ex- 
trusion of  a  polar  body  has  taken  place  in  any  form,  is,  as  a 
rule,  incapable  by  itself  of  developing  into  a  new  individual. 
In  the  second  place,  there  are,  in  families  of  plants  in  which 
the  diffcrcntiatiuu  of  the  gametes  is  usually  accompanied  by 
tiic  extrusion  of  a  polar  body,  instances  m  which  ihis  process 
does  not  take  place ;  and  in  these  Instances  the  cells  pro- 
duced are  not  gametes,  but  parthenogenetic  spores. 

Of  these  two  points,  the  first  is  sufficiently  clear  not  to 
require  elucidation,  but  it  will  be  advantageous  to  illustrate 
the  second.  The  case  which  we  will  take  is  that  of  the 
Saprolegniea;  (see  p.  619).  Fringsheim  observed,  and  his 
obscrv^ations  have  been  confirmed  by  dc  Rary,  that  under 
certain  circumstances  plants  of  SaproUgnia  ferax  and  of 
Ackfya  pdyandra  bear  no  antheridia,  and  yet  their  oogonia 
produce  oospores ;  and,  as  we  know,  de  Bary  has  come  to  the 
conclusion  that  even  when  antheridia  are  present,  no  sexual 
process  takes  place.  The  oospores  of  the  Saprolegnieae  are 
then  parthenof^enetically  produced,  and  this  is  probably  to  be 
correlated  with  a  peculiarity  in  their  develoj)ment.  In  the 
allied  Peronospore;e  the  development  of  the  oosphere,  as 
ahready  stated  (p.  619),  depends  upon  the  differentiation  of 
the  protoplasmic  contents  of  the  oogonium  into  ooplasm  and 
periplasnu  This  differentiation  does  not  take  place  in  the 
oogonium  of  the  Saprolegniese ;  still  there  Is  not  an  indication 
of  it.  During  the  development  of  the  reproductive  cells, 
the  protoplasm  of  the  oogonium  is  in  active  movement,  and 
portions  of  it  are  from  time  to  time  thrown  off.  These 
portions  doubtless  correspond  to  the  periplasm  in  the  oogo* 
nium  of  the  Peronosporese ;  but  in  the  Saprolcgnieae  the  sepa- 
ration  of  the  periplasm  is  only  temporary,  for  the  extruded 
portions  subsequently  coalesce  with  that  from  which  the 
reproductive  cells  are  formed.  The  explanation  of  the  fact 
that  the  reproductive  cells  foiiaed  in  the  oogonia  of  the 
Saprolegniea^  are  oospores  and  not  oospheres^  appears  to  be 
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this:  that  in  their  development  the  necessary  exclusion  of  j 
a  purtion  of  tlie  protoplasmic  contents  of  the  oogonium  does  | 
not  take  place.  ' 

We  may  digress  for  a  moment  to  consider  a  form  of  i 
parthenogenesis^  occurring  among  plants  in  which  sexual 
diflferentiation  is  comparatively  rudimentary,  namely,  in  Botry- 
dium,  Ectocarpus,  and  Ulotfarix,  which  differs  from  that  of 
the  Saprolegnieae  and  therefore  merits  special  consideration. 
With  regard  to  Botrydium  there  can  be  no  doubt  that  the 
motile  reproductive  cells  produced  from  the  restmg-spore 
are  morphologically  gametes,  but  they  are  only  physiologi- 
cally gametes  provided  that  the  resting-spore  is  3^ung; 
when  the  resting-spote  is  old,  the  cells  to  which  it  gives 
rise  are  simply  zoospores  (see  p.  607).  In  the  absence  of 
any  evidence  to  shew  that  the  process  of  development  of  , 
the  motile  reproductive  cells  is  different  in  a  )'oung  and  in 
an  old  resting-sporc,  we  can  only  explain  the  facts  by 
assuming  that  during  the  prolonged  quiescence  of  the  resting- 
spore,  changes  take  place  within  it  the  result  of  which  is  that 
it  is  converted  from  a  sexual  into  an  asexual  reproductive 
organ;  the  changes  being  probably  of  this  nature,  that  the 
amount  of  the  nucleo-idioplasm  increases,  so  that  the  cells 
eventually  produced  contain  sufficient  nucleo-idioj^lasm  to 
enable  them  to  germinate  independently.  The  case  of 
Ectocarpus  and  of  Ulothrix  is  somewhat  different.  Here 
the  reproductive  cells  are  gametes  when  they  are  Arst  formed, 
but  if  they  fail  to  conjugate  they  are  capable  of  independent 
germination.  In  this  case,  possibly,  an  increase  of  the  nucleo- 
idioplasm  to  the  degree  necessary  to  permit  of  independent 
germination  takes  place  in  the  reproductive  cells  themselves.  ! 

But  to  return.  Weismann  strongly  opposes  the  view  that 
in  the  extrusion  of  the  polar  body  any  portion  of  the  repro- 
ductive substance,  or  nucleo-idioplasm,  is  thrown  off:  he 
considers  that,  as  aUeady  mentioned,  the  extrusion  of  the 
polar  body  is  simply  the  elimination  of  the  histo^enic  nucleo- 
plasm. If  this  be  admitted,  then  it  follows  that  the  process 
of  development  of  a  gamete  does  not  differ  essentially  from 
that  of  a  spore.    This  is  just  the  position  which  Weismann 
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takes  up  :  lie  states,  namely,  with  regard  to  the  ova  of  animals, 
that  the  process  of  development  of  a  normal  ovum  is  pre- 
cisely the  same  as  that  of  a  parthenogenetic  ovum.  If  this 
be  so,  why  is  the  parthenogenetic  ovum  capable,  and  the 
noma!  ovum  incapable,  of  independent  germination  ?  The 
answer  to  this  question  is  by  no  means  definite.  Weismann 
admits  that  a  reproductive  cell  is  only  capable  of  inde- 
pendent germination  when  it  contains  a  certain  proportion 
of  reproductive  substance.  Clearly  then,  a  parthenogenetic 
ovum  must  contain  more  reproductive  substance  than  a 
normal  ovum.  But  how  is  this  difference  to  be  accounted 
for  ?  If  the  process  of  development  has  been  the  same,  there 
Is  no  ground  for  assuming  that  the  parthenogenetic  ovum 
contains  ad  initio  more  reproductive  substance  than  the 
normal  ovum,  and  we  are  therefore  led  to  suggest  that  the 
repro(luctive  substance  in  the  parthenogenetic  ovum  may 
have  been  increased  by  growth.  But  Weismann  brings  for- 
ward aiguments  to  prove  that  a  sufficient  increase  cannot  be 
attained  in  this  way.  There  is  therefore  no  means  whatever 
of  accounting  for  the  difference  between  a  parthenogenetic 
and  a  normal  ovum. 

Weismann  appears  to  have  been  conscious  of  this  diffi- 
culty, for  he  goes  on  to  say  that  the  capacity  of  the  ovum  for 
subsequent  development  docs  not  solely  depend  upon  the 
mass  of  nucleus,  that  is,  upon  the  amount  of  "reproductive 
substance"  in  it»  but  upon  certain  internal  conditions  which 
he  does  not  define.  And  yet  he  asserts  that  the  determining 
cause  of  the  development  of  the  fertilised  ovum  is  the  sudden 
doubling  of  the  mass  of  nucleus. 

There  is  a  matter  of  fact  bearing  upon  this  subject  to 
which  we  will  briefly  refer.  If,  as  Weismann  insists,  the 
extrusion  of  the  polar  body  simply  means  the  extrusion 
of  the  histogenic  nucleoplasm,  it  is  a  fair  inference  that  the 
nucleus  of  a  gamete  and  that  of  .the  comsponding  polar 
body  will  have  different  reactions.  It  has  been  already 
pointed  out  that  the  generative  and  vegetative  nuclei  in  a 
pollen- tube  stand  to  each  oUici  in  the  relation  of  sexual  and 
polar  nucleus.    Now  Strasbuiger  has  observed  that  tliere  is 
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a  difference  in  reaction  between  the  <^cnerative  and  the  vege- 
tative nucleus;  that  the  former,  namely,  stains  more  deeply 
than  the  latter,  a  reaction  which  indicates  the  presence  of  a 
larger  proportion  of  nutritive  hyaloplasm  in  the  former.  If 
this  be  so,  then,  conversely,  the  proportion  of  nucleo-idioplasm 
in  the  vegetative  nucleus  is  greater  than  in  the  generative 
nucleus.  It  is  not  possible  to  press  this  fact  closely,  for 
it  is  not  clear  that  Weismann's  "reproductive  substance" 
corresponds  exactly  to  Strasburger's  nucleo-idioplasm,  and 
Weismann  says  nothing  about  the  staining  properties  of  the 
reproductive  substance'';  but  as  far  as  it  goes  it  seems 
to  shew  that  the  vegetative  nucleus  not  only  contains  some 
jiucleo-idioplasm  or  "reproductive  substance/*  but  that  it 
actually  contains  more  than  the  generative  nucleus. 

The  conclusions,  as  to  physiological  significance  of 
the  extrusion  of  the  poLu  body,  to  be  diavvn  from  ihc  fore- 
going discussion  are  the  following.  It  appears,  in  the  first 
place,  in  view  of  the  parthenogenesis  of  the  Saprolegnieae, 
the  only  case  of  parthenogenesis,  be  it  said,  which  has  been 
thoroughly  investigated,  that  the  extrusion,  in  some  form, 
of  a  polar  body  is  an  essential  part  of  the  development  of 
a  gamete.  We  cannot,  therefore,  agree  with  Strasburger^s 
views  on  the  subject  (see  p.  659).  It  is  true  that  the  ex- 
trusion of  a  polar  body  has  not  been  observed  in  the  case  of 
all  plants,  but  the  observations  on  the  subject  are  not 
so  numerous  or  extended  as  to  warrant  the  inference  that 
the  process  does  not  take  place  in  all.  In  the  second  places 
in  view  of  the  fact  that  the  essential  feature  of  the  sexual 
process  is  the  coalescence  of  the  nuclei  of  the  two  gametes, 
we  cannot  but  conclude  that  the  extrusion  of  the  polar  body 
involves  in  all  cases  the  extrusion  of  a  portion  of  nuclear 
substance.  Here  again  we  are  at  issue  with  Strasbui^er. 
Thirdly,  we  conclude  that  Weismann  s  view  as  to  the  nature 
of  the  substance  of  the  polar  body  is  not  established :  what 
facts  there  are  go  to  prove  that  the  nucleus  of  the  polar 
body  consists  not  of  histogenic  nucleo*plasm,  but  of  nudeo- 
idioplasm.  Finally,  we  conclude  that  it  is  this  reduction  of 
its  nucleo-idioplasm  which  determines  the  sexuality  of  the 
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reproductive  cell;  when  the  reduction  does  not  take  place 
the  product  is  not  a  gamete,  but  a  parthcnogcnctic  spore. 
We  accept  Balfour's  view,  that  the  extrusion  of  the  polar 
body  is  the  means  by  which  parthenogenesis  is  prevented, 
and,  we  may  add,  the  means  by  which  cross-fertilisation, 
with  its  attendant  advantages,  Is  rendered  possible.  A 
gamete  is,  as  a  rule>  converted  into  a  spore  by  means  of 
the  sexual  process ;  two  reproductive  cells,  neither  of  which 
contains  sufficient  nuclco-idioplasm  for  independent  germi- 
nation, form  by  their  coalescence'  one  which  does.  But  it 
appears  that  in  some  of  the  lower  forms,  the  necessary 
Increase  of  the  nucieo*idioplasm  may  be  effected  by  nu- 
trition, so  that  a  gamete  may  become  converted  into  a 
spore  without  the  sexual  process. 

Having  arrived  at  these  conclusions  respecting  the  sexuality 
of  gametes,  we  go  on  to  ciHiuirc  into  the  nature  of  sex. 

We  have  learned  that  Strasburger  and  Weismann  are  of 
opinion  that  male  and  female  gametes,  oospheres.  and  an- 
therozoids  for  example,  or  at  least  their  nuclei,  are  essentially 
similar.  From  this  point  of  view  it  is  then  merely  the 
external  adaptive  peculiarities  of  the  gametes  which  con- 
stitute their  sex.  But  we  shall  endeavour  to  shew  that  this 
opinion  is  not  in  harmony  with  the  known  facts  of  repro- 
duction. 

In  the  first  place  it  appears  that,  as  a  matter  of  fact,  there 
is  a  material  difference  between  male  and  female  gametes,  at 
least  when  they  are  highly  differentiated.  Zacharias  has 
found,  as  the  result  of  extended  observations  on  the  an- 
therozoids  and  oospheres  of  Characese,  Musdneae,  and  Ferns, 
and  on  the  oospheres  and  pollen-tubes  of  Phanerogams,  that 
the  nucleus  of  the  male  cell  has  either  no  nucleolus  or  but  a 
small  one,  whereas  that  of  the  female  cell  has  one  or  more 
large  nucleoli ;  and  further,  that  the  male  nucleus  is  rich  in 
nucletn,  whereas  the  female  nucleus  is  poor  in  nuclein,  but 
rich  in  albuminous  substance.  Much  stress  will  not,  however, 
be  laid  upon  these  facts,  for,  after  all,  tiie  material  difierence 
between  a  male  and  a  female  gamete  upon  whidi  the  physiolo- 
gical difference  between  them  essentially  depends,  may  be 
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such  as  to  elude  any  methods  of  investigatioiL   Still  these 

facts  have  their  significance. 

The  main  objection  to  the  view  of  Strasburc^er  and  Wcis- 
mann  is  tliat  it  fails  to  afford  any  explanation  oi  the  phenomena 
of  sexual  reproduction.  If  male  and  female  gametes  are 
essentially  alike*  why  is  it  that  two  oospheres  or  two  an- 
tfaerozoids  never  coalesce,  but  only  antheroioid  with  oosphere, 
and  how  are  the  manifestations  of  sexual  affinity,  as  we  find 
them  in  the  case  of  Acetabularia,  Ectocarpus,  Das3rcladiis 
(p.  647),  and  in  the  Phanerogams  (p.  648)  to  be  accounted  for? 

Strasburger  and  Weismann  attempt  to  meet  this  objection 
by  reference  to  Pfeffer's  observation  (see  Lect.  xx.  p.  529) 
that,  in  cases  in  which  the  sexual  cells  are  well  differentiated, 
the  female  oigan  excretes  a  substance  which  has  an  attracting 
influence,  and  that  it  is  only  the  corresponding  male  cells 
which  are  susceptible  to  this  influence.  The  reason  why  two 
aiiLlierozoids  or  two  oospheres  do  not  coalesce  is  then  this, 
that  they  do  not  attract  each  other ;  and  it  is  for  the  same 
reason  that  a  coalescence  of  gametes  of  opposite  sexes,  but 
not  of  the  right  d^ee  of  sexual  alhnity,  does  not  take  place. 
But  the  facts  observed  by  Ffefiier  do  not  really  touch  the 
point  at  issue.  The  attractive  substances  in  question  serve,  it 
is  true,  to  bring  the  motile  male  gametes,  which  may  be  pro- 
duced  at  a  distance,  into  proximity  with  the  female  gamete, 
but  there  is  no  evidence  that  they  determine  the  actual 
coalescence  of  the  two  gametes.  Pfeffer's  observations  do 
not  account  for  the  sexual  process. 

We  cannot  but  conclude  that  the  facts  of  sexual  repro- 
duction cannot  be  satisfactorily  accounted  for,  otherwise  tiian 
on  the  assumption  that  male  and  female  gametes  are  es- 
sentially diverse.  It  is  in  fact  because  they  are  diverse  that 
they  arc  male  and  female  :  it  is  just  this  essential  diversity 
that  constitutes  sex.  External  differences  do  not  constitute 
sex ;  they  are  adaptive  differences  of  only  secondary  im- 
portance. We  assume  that  even  in  those  plants  which  have 
externally  similar  gametes,  there  is  yet  a  sexual  difference 
between  them.  It  Is  easy  to  conceive  that  objection  may  be 
taken  to  this  view ;  but  it  appears  to  be  quite  necessaiy  to 
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explain  the  facts  of  conjugation.  It  is  impossible  to  explain 
why  it  is  that,  in  Ulothrix,  only  those  planogametes  coalesce 

which  have  been  derived  from  different  cells,  that  in  Accta- 
bularia  only  those  planogametcs  coalesce  which  have  been 
developed  in  different  resting-sporcs,  that  in  Das>'cladus  only 
those  planogametes  coalesce  which  have  been  produced  by 
different  individuals,  and  many  other  similar  cases  might  be 
mentioned,  otherwise  than  on  the  assumption  of  a  difference 
of  sex. 

From  the  facts  of  the  development  of  the  gametes  it  is 
probable  that  the  sexual  diversity  depends  upon  a  dilicience 
in  the  constitution  of  the  nuclei.  The  coalescence  of  two 
appropriate  gametes  may  be  regarded  as  taking  place  in  con- 
sequence of  an  attraction  existing  between  them,  an  attrac- 
tion which  may  be  attributed  to  the  difference  between  their 
nudeL  From  this  point  of  view,  sexual  affinity  becomes  in- 
telligible. The  fertility  of  the  union  between  two  gametes 
will  depend  upon  the  relation  between  their  nuclei :  when  the 
nuclei  arc  exactly  complementary,  the  union  will  be  fully 
fertile  :  when  the  relation  is  less  perfect  the  union  will  be  less 
fertile:  when  there  is  no  relation,  no  union  will  take  place. 
In  illustration  of  this,  reference  may  be  made  to  the  facts 
already  mentioned,  concerning  the  prepotence  of  some  pollen 
over  others,  the  relative  fertility  of  fertilisation  by  pollen  from 
various  sources,  etc. 

Strasburger  denies  that  any  such  attraction  exists  between 
the  nuclei  of  coalescing  gametes,  but  some  of  his  own  facts 
tend  to  prove  its  existence.  In  describing  the  fusion  of  the 
male  and  female  pronuclei  in  the  oosphere  of  Phanerogams* 
he  speaks  of  the  male  pronucleus  as  being  passivdy  conveyed 
by  the  cytoplasm  to  the  female  pronucleus.  But  the  question 
at  once  arises,  why  does  the  cytoplasm  convey  the  male  pro- 
nucleus in  just  such  a  direction  that  it  meets  the  female 
pronucleus?  Even  assumini^  that  Strasburger's  statement  of 
the  case  is  correct,  it  must  be  admitted  that  it  is  under  the 
influence  of  the  female  pronucleus  that  the  cytoplasm  con- 
veys the  male  pronucleus  to  it  But  it  is  probably  nearer  the 
truth  to  say  that  the  male  pronucleus  is  attracted  by  the 


Digitized  by  Google 


6/2 


LECTURE  XXIII. 


female  pronucleus — or  that  the  attraction  is  mutual, — and 
that  it  travels  towards  and  fuses  with  the  female  pronucleus 
because  it  is  so  attracted. 

In  support  of  his  view  that  no  attraction  exists  between 

the  male  and  the  female  pronucleus,  Strasbur^^  r  adduces  the 
well-known  fact  that  nuclear  fusion  may  take  place  between 
somatic  cells,  as»  for  instance,  in  the  embiyo-sac  of  Angio> 
sperms ;  between  nuclei,  that  is,  which  might  a  priori  be 
regarded  as  quite  similar.  But  this  is  by  no  means  oon- 
elusive  evidence  on  his  side.  It  is  quite  clear,  in  this  case  as 
in  the  preceding,  that  there  must  be  some  force  which  de- 
terniiiics  the  fusion  of  the  nuclei,  and  it  ina)  be  tiiat  in  this 
case  also  that  force  is  an  attraction  cxistinc^  between  the 
nuclei,  an  attraction  whicli  may  be  the  expression  of  a  quali- 
tative difference  between  them.  There  is  another  fact  which 
is  suggested  by  these  considerations,  namely,  the  production 
of  graft-hybrids,  and  which  may  be  appropriately  considered 
here.  Strasburg^er  has  rightly  pointed  out  that  the  pro- 
duction of  a  graft-hybrid,  as  for  instance  tl.e  Cjtisus  Adanii. 
probably  depends  upon  a  process  of  nuclear  fusion  taking 
place  between  the  cells  of  the  scion  and  of  the  stock,  a  pro- 
cess which  docs  not  usually  take  place  in  grafting.  If  this  be 
so,  it  is  difficult  to  explain  the  facts  otherwise  than  by 
assuming  that  the  nuclear  fusion  between  the  scion  and  the 
stock  only  takes  place  when  there  exists  such  a  qualitative 
dificicncc  between  the  nuclei  as  to  determine  their  coalescence. 
We  adhere,  then,  to  the  view  that  there  is  a  qualitative  differ- 
ence between  the  nuclei  of  the  corresponding  male  and  female 
gametes,  and  that  it  is  upon  this  diiference  that  their  coales- 
cence depends. 

It  seems  probable  that  the  difference  between  a  male  and 
a  female  gamete  is  brought  about  in  the  course  of  thor  de- 
velopment, and  it  is  probably  closely  connected  with  the 
extrusion  of  the  polar  body.  It  may  be  that  the  loss  of  sub- 
stance is  not  qualitatively  the  same  in  the  development  of  a 
male  and  of  a  female  gamete  respectively.  This  view  has 
been  stated  by  Minot  and  van  Beneden  in  this  way,  that  in 
the  extrusion  of  the  polar  body  from  the  developing  female 
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cell,  the  male  constituent  is  removed ;  and,  similarly,  that  in 

the  extrusion  of  the  polar  body  from  the  developing  male 
cell,  the  female  constituent  is  removed. 

The  next  point  to  be  considered  is  the  functional  relation 
between  two  coalescing  gametes.  When  they  are  externally 
slmilaTi  there  is  no  reason  to  suppose  that  the  two  gametes 
are  functionally  different.  For  example^  when  two  piano- 
gametes  of  Ulothrix  or  Acetabularia  'coalesce,  there  is  no 
ground  for  the  supposition  that  one  of  the  planogametcs  is 
fcrtih"sed  by,  or  fertilises,  the  other.  They  are,  as  we  bch'cvc, 
qualitntively  different,  but,  in  the  sexual  process,  they  are 
functionally  alike ;  each  is  complementary  to  the  other,  and 
each  transmits  to  the  offspring  the  characteristics  of  the 
parent  individual 

In  the  case  of  two  corresponding  gametes  which  are  ex- 
ternally different,  for  instance  an  oosphere  and  an  anthero- 
zoid,  it  is  customary  to  regard  the  passive  gamete  as  being 
the  female,  and  the  active  as  being  the  male.  And  not  only 
so,  but  the  sexual  process  is  termed  fertilisation,  that  is  to 
say,  it  consists  in  the  fertilisation  of  the  female  by  the  male 
gamete.  This  view  involves  the  assumption  of  a  considerable 
functional  difference  between  the  gametes;  namely,  that  it 
is  from  the  female  gamete  that  the  embryo  is  actually  de- 
veloped, whilst  the  male  gamete  simply  stimulates  the  female 
gamete  to  development.  This  is  the  assumption  which  under- 
lies Brooks'  theory  of  the  sexual  process  to  which  allusion  has 
been  already  made  (p.  656). 

Careful  consideration  of  the  facts  of  the  sexual  process 
shews,  however,  that  this  assumption  cannot  be  admitted. 
The  fact  which  seems  to  give  it  most  support,  the  fact  of  the 
difference  in  mass  between  an  antherozoid  and  an  oosphere, 
is  really  of  no  weight.  It  may  be  urged,  on  account  of  the 
difference  of  mass,  that  the  oosphere  contributes  more  to  the 
embiyo  than  does  the  antherozoid.  But  it  must  be  re- 
membered that  the  difference  in  mass  between  an  oosphere 
and  an  antherozoid  depends  mainly  upon  the  cytoplasm; 
hence,  although  it  is  true  that  the  antherozoid  contributes  but 
little  cytoplasm  in  the  sexual  process,  it  contributes  probably 
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quite  as  much  nucleo-idioplasin  as  does  the  oospheie,  and 
this  is  without  doubt  by  far  the  more  important  matter. 

ir,  then,  the  male  cell  contrilnilcs  as  much  nuclco-idio- 
plasm  to  the  germ  as  docs  the  female,  we  .iliould  expect 
to  find,  that,  in  cases  of  cross-fertilisation  for  instance,  the 
characteristics  of  the  male  parent  are  transmitted  as  well  as 
those  of  the  female ;  and»  as  a  matter  of  fact,  we  do.  Brooks, 
however,  ai^es  that  the  facts  of  hybridisation  do  not  prove 
the  transmission  of  characters  by  means  of  the  male  repro- 
ductivc  cell,  and  he  supports  his  contention  by  reference  to 
the  fact  that  the  reproductive  cells  produced  in  female  organs 
are  frequently  parthenogenetic,  whereas  no  case  of  male  par- 
thenogenesis is  known.  If,  he  says,  a  perfect  organism  could 
be  developed  from  a  male  cell,  we  should  have  the  means  of 
proving  that  each  sesnial  cell  transmits  to  the  ol&pfing  tiie 
entire  organisation  of  the  individual  producing  it 

Cases  of  the  male  parthenogenesis  for  which  Brooks  en- 
quires, as  he  believes,  in  vain,  are  to  be  found  among  plants. 
Wc  have  already  stated  the  "-rounds  for  the  belief  that  in 
plants  with  externally  similar  gametes,  those  gametes  are  really 
of  two  sexes.  When,  as  sometimes  happens,  in  Ulothrix  for 
instancy  these  gametes,  having  failed  to  conjugate,  germinate 
independently,  it  must  be  assumed  that  both  male  and  female 
parthenogenesis  takes  place.  If  such  cases  be  considered 
inconclusive,  no  such  objection  can  be  taken  to  the  case  of 
Ectocarpus,  in  which  it  is  possible  to  distinguish  the  male 
planogametes  and  to  ascertain  that  they  are  capable  of  inde- 
pendent germination,  though  it  must  be  added  that  the  indi- 
viduads  developed  from  them  are  less  vigorous  than  those 
developed  in  the  ordinary  way.  It  is  true  that  male  par- 
thenogenesis is  not  known  among  plants  of  higher  otganisa- 
tion  than  Ectocarpus,  but  the  explanation  is  quite  simple.  In 
these  higlier  plants  the  adaptive  differentiation  of  the  male 
cell,  especially  the  reduction  of  the  cytoplasm,  is  '  clearly 
such  as  to  render  independent  germination  quite  impossible; 
whereas,  in  the  case  of  the  female  cell,  the  differentiation 
which  it  has  undergone  is  favourable  to  independent  germi- 
nation. 
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Under  these  dfcmnstanoes  we  see  that  Brooks'  theory 

is  untenable,  and  that  the  itialc  cell  is  not  to  be  regarded 
as  simply  stimulating"  the  female  cell  to  development,  but 
as  contributing  materially  to  the  development  of  the  embryo. 
In  continuing  to  use  the  terms  "fertilisation"  and  "conju- 
gation" with  reference  to  the  sexual  process,  we  must  bear 
in  mind  that  they  have  only  a  morpbological  significance;  by 
conjugation  we  mean  the  coalescence  of  externally  similar 
gametes;  by  fertilisation  we  mean  the  coalescence  of  ex* 
teriKilly  dissimilar  gametes:  the  physioloGcy  of  the  process 
is  the  same  whether  the  coalescing  gametes  are  externally 
similar  or  dissimilar. 

In  conclusion,  we  have  to  discuss  the  theories  of  variation 
to  which  allusion  was  made  above;  but  in  doing  so  nothing 
more  than  a  very,  general  treatment  of.  the  subject  will  be 
attempted.  We  will  begin  by  setting  forth,  somewhat  more 
fully  than  we  have  done  as  yet,  Darwin's  i^ews,  and  then 
we  will  briefly  ciiscu^.^  those  views  which  differ  from  his. 

In  all  cases,  says  Darwin,  there  are  two  factors  in  vari- 
ation; the  nature  of  the  organism,  which  is  the  more  im- 
portant, and  the  nature  of  tiie  conditions  of  life.  By  the 
''nature  of  the  oiiganism"  is  meant  especially  the  variability 
of  the  organism,  for,  clearly,  if  an  organism  is  not  variable 
it  cannot  vary.  The  first  point  which  we  have  to  deal  with  is 
then  the  origin  of  variability.  Some  authors  regard  varia- 
bility as  an  ultimate  fact,  and  as  much  an  aboriginal  law 
as  inheritance.  Darwin,  however,  does  not  accept  this  view, 
but  comes  to  the  conclusion  that  variability  of  every  kind  is 
directly  or  indirectly  caused  by  changed  conditions  of  life. 
"If,"  he  goes  on,  "it  were  possible  to  expose  all  the  In* 
dividuals  of  a  species  during  many  generations  to  absolutely 
uniform  conditions  of  life,  there  would  be  no  variability."  A 
change  in  the  conditions  of  life  has  the  effect,  which  Darwin 
terms  the  indefinite  effect,  of  promoting  the  plasticity  of  the 
oi^anism,  thus  leading  to  much  iluctuating  or  indetermmate 
variation.  In  support  of  Darwin's  view  it  may  be  again 
painted  out  that  cultivated  plants  are  far  more  variable  than 
wild  ones,  and  this  may  be  correlated  with  the  fact  that 
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cultivated  plants  rarely  remafit  exposed  to  closely  similar 

conditions  during  any  considerable  Icnj^th  of  time.  A^^ain, 
sexual  reproduction,  especially  in  connexion  with  cross-ferti- 
lisation, increases  variability.  It  appears  that  greater  varia- 
bility, like  greater  vigour  and  fertility,  is  one  of  the  advan- 
tages gained  by  means  of  sexual  reproduction. 

It  appears  probable,  from  the  foregdng  constderatioas, 
that  variability  was  first  induced  as  the  response  of  tiie 
organism  to  changes  in  the  conditions  of  life,  and  that  it 
has  bect>mc  intensified  by  sexual  reproduction  and  by  culti- 
vation. We  know,  from  such  observations  as  those  of  Kol- 
reuter  and  Gartner,  who  found  that  when  two  species  were 
crossed,  if  either  one  was  variable^  the  of&pring  were  variable, 
that  variability  is  hereditary ;  and  we  may  therefore  conclude 
that  variability  has  come  to  be  a  general  property  of  pn>to> 
plasm.  We  may,  in  fact  regard  variability  as  a  form  of 
irritability,  which,  like  all  other  forms  of  irritdbility,  originated 
in  the  action  of  external  slimuli  and  has  become  permanent. 

We  will  digress  for  a  moment  to  consider  Brooks'  view 
that  variability  is  especially  transmitted  by  the  male  cell. 
In  support  of  this  view  he  adduces  tiie  fact,  ascertained 
by  Gartner  and  Widiura,  that  the  progeny  of  a  pure  species 
crossed  with  a  hybrid  as  the  father  are  more  variable  than 
the  progeny  of  the  hybrid  fertilised  by  the  pollen  uf  the  pure 
species.  It  must  be  borne  in  mind,  however,  that,  as  just 
mentioned,  there  are  facts  which  indicate  that  variability  may 
be  transmitted  by  either  sex.  Further,  this  particular  case 
will  not  estaUish  Brooks'  position  unless  it  be  proved  that 
the  variability  of  the  hybrid  is  transmitted  by  its  male  cell  in 
a  higher  degree  than  its  other  characters.  We  know,  namely, 
that  the  characters  of  an  individual  are  frequently  more 
readily  transmitted  by  the  one  cell  than  by  the  olhcr.  This 
may  be  especially  so  in  the  case  of  hybrids;  it  may  be  that 
in  hybrids  there  is  a  peculiar  difference  in  potency  between 
the  male  and  female  cells,  and  that  all  the  characters,  and 
not  only  the  variability,  of  the  hybrid,  are  transmitted  more 
perfectly  by  the  male  than  by  the  female  cell.  The  difficulty 
in  determining  this  point  lies  in  the  high  variability  of  the 
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offspring.  The  fact  cannot  therefore  be  accepted  as  affording 
conclusive  evidence. 

But  to  return.  The  second  point  to  be  considered  is  the 
nature  of  the  variation  manifested  by  the  variable  organism. 
Darwin  points  out  that,  besides  the  indefinite  effect  already 
mentioned,  a  change  in  the  conditions  of  life  has  what  he 
terms  a  definite  effect  upon  the  organism  in  determining  the 
nature  of  the  variation.  The  effect,  he  says,  may  be  con- 
sidered definite  when  all  or  nearly  all  the  offspring  of  in- 
dividuals exposed  to  certain  conditions  during  several  gene- 
rations vary  in  the  same  manner.  At  the  same  time  he 
points  out  that  it  is  very  difficult  to  decide  how  far  changed 
conditions  have  acted  in  a  definite  manner;  and  the  difficulty 
is  increased  with  regard  to  variatioiib  which  aie  advantageous, 
to  Adaptations  that  is,  inasmuch  as  in  this  case  we  cannot  tell 
how  much  to  attribute  to  the  definite  action  of  the  changed 
conditions  on  the  one  hand»  and  to  the  accumulative  action  of 
natural  selection  on  the  other.  Yet,  he  concludes,  there  is 
reason  to  believe  that  in  the  course  of  time  the  effect  of 
the  definite  action  of  the  changed  conditions  has  been  greater 
than  can  be  proved  by  clear  evidence.  Darwin  considers, 
then,  that  changes  in  externa!  conditions  are  ever  acting 
upon  living  organisms  and  that  consequently  new  varieties 
are  ever  being  produced. 

An  altogether  different  view  of  the  origin  of  varieties 
is  held  by  those  who,  like  Weismann,  deny  that  characters 
acquired  by  individuals  under  the  influence  of  changed  ex- 
ternal conditions  can  be  transmitted  in  sexual  reproduction. 
It  is  true  that  in  many  cases  tlie  modifications  thus  produced, 
especially  those  due  to  a  change  in  climate  or  nutrition, 
are  individual  and  transitory.  For  instance,  a  wild  plant 
which  naturally  grows  in  poor  soil  will,  when  transplanted 
into  rich  soil,  assume  a  very  different  habit;  and  the  seeds 
of  the  modified  plant,  if  sown  in  poor  soil,  will  produce,  not 
the  modified,  but  the  wild  form.  But  Darwin  especially 
points  out  that  it  is  not  these  sudden  variations  which  be- 
come permanent,  but  those  slowly  produced  by  what  he 
terms  the  accumulative  action  of  changed  conditions  of  life. 
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Further,  it  is  not  possible  to  frame  a  satisfactory  explanation 
of  the  hict  of  Adaptation  without  assuming  the  direct  5n- 
tluence  of  the  conditions  of  life,  for  Weismann's  explanation 
of  this  fact  cannot  be  regarded  as  satisfactory  (p.  66 1).  Ue 
endeavoufs  to  account  for  adaptation  by  attributing  it  to  fe> 
combuiation,  in  an  infinite  variety  of  ways>  of  the  characters 
acquired  under  the  influence  of  changes  in  the  conditions 
of  life  by  the  unicellular  asexual  progenitors  of  the  race. 
But  it  is  hardly  possible  to  conceive  how  that  by  any  crjui- 
bination  of  ancestral  characters  an  individual  could  be  pro- 
duced which  should  be  adapted  to  prevailing  conditions  of 
life.  How  is  it  conceivable,  for  instance,  that  the  adaptations 
in  the  forms  of  their  flowers^  or  in  the  structure  of  their 
fruits  and  seeds^  which  are  exhibited  by  Phanerogams,  are 
due  to  combinations  of  characters  acquired  fay  their  uni* 
cellular  asexual  ancestors  ? 

A  second  objection  to  Darwin's  view  may  be  stated  in 
his  own  words :  "  instances  could  be  given  of  similar  varieties 
being  produced  from  the  same  species  under  conditions  of 
life  as  different  as  can  well  be  conceived;  and,  on  the 
other  hand,  of  dissimilar  varieties  being  produced  under 
apparently  the  same  external  conditions."  With  regard  to 
this,  it  must  be  pointed  out  that  it  is  by  no  means  easy 
for  the  observer  to  assure  himself  of  the  nature  and 
extent  of  the  difference  between  any  two  sets  of  external  con- 
ditions, and  of  the  nature  and  extent  of  the  modi&cation  which 
the  ofganism  under  observation  may  have  undergone.  The 
conditions  may  be,  to  the  observer,  apparently  veiy  different 
in  the  two  cases,  and  yet  in  the  points  which  most  aflect  the 
plant  they  may  be  identical;  and  the  converse  applies  to 
conditions  wliicli  are  apparently  similar.  In  illustration  of 
the  possible  failure  in  observing  the  modifications  in  ilie 
organism,  the  following  passage  from  Darwin  may  be  quoted. 

When  man  can  perceive  no  change  in  plants  or  animals 
which  have  been  exposed  to  a  new  climate  or  to  different 
treatment,  insects  can  sometimes  perceive  a  marked  change. 
A  Cactus  has  been  imported  into  India  from  Canton,  Manilla, 
Mauritius,  and  from  the  hot-houses  at  Kew,  and  there  is 
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likewise  a  so-called  native  kind  which  was  formerly  intro- 
duced from  South  America.  All  tliese  plants  belong  to  the 
same  species  and  are  alike  in  appearance,  but  the  Cochineal 
insect  flourishes  only  on  the  native  kind." 

Weisffiann  and  those  who  agree  with  him  in  denying 
the  influenee  of  changes  in  the  conditions  of  life  in  causing 
variation,  maintain  tliat  variation  is  wholly  dependent  upon 
crossing.  We  have  already  pointed  out  that  this  view  fails 
to  account  for  Adaptation,  and  we  will  now  briefly  suggest 
other  objections  to  it.  In  the  first  place,  as  we  have  already 
learned,  variation  may  occur  quite  independently  of  sexual 
reproduction,  in  the  form  of  bud-variation.  In  the  second 
place  it  appears  that  crossing  does  not,  in  die  case  of  wild 
plants,  lead  to  the  appearance  of  new  characters,  tiiat  is,  to 
variation ;  though  this  is  apparently  the  case  with  species 
which  have  been  already  rendered  in  some  degree  variable 
by  cultivation.  Gartner  states,  for  instance,  that  when  he 
crossed  native  plants  which  had  not  been  cultivated,  he  never 
saw  in  the  offspring  any  new  character.  Now  if,  as  Weis- 
mann  insists,  variation  is  simply  a  new  combination  of  old 
characters,  why  is  it  that  cross-fertilisation  leads  to  it  m 
cultivated  but  not  in  wild  plants?  The  more  reasonable 
view  seems  to  be,  that  the  variation  of  ciiltiv.iLcU  plants  is 
the  expression,  not  of  a  recombination  of  t^ld  characters,  but 
of  the  acquisition  of  new  in  virtue  of  their  high  variability  ; 
and  that  variation  is  less  common  in  wild  plants  because  they 
are  less  variable  tiian  cultivated  plants. 

We  conclude  tiien  that  the  production  of  varieties  is  the 
result  of  the  infhience  of  the  conditions  of  life.  These  con- 
ditions act  upon  the  whole  protoplasm  of  the  individual,  and 
affect  therefore  those  portions  of  its  protoplasm  which  the 
individual  throws  off  as  reproductive  cells.  The  modification 
is  less  readily  transmitted  by  sexual  than  by  asexual  repro- 
duction, when  only  one  of  the  parents  has  been  modified  in 
the  particular  manner,  for  the  modifications  transmitted  by 
the  modified  parent  are,  as  it  were,  toned  down  by  the  in« 
fusion  of  protoplasm  from  the  unmodified  parent  But,  as 
already  mentioned,  when  botii  paieaLi  arc  similarly  modi- 
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fied,  the  modification  is  almost  as  certainly  transmitted  by 

sexual  as  by  asexual  reproduction. 

Without  attempting  to  enter  upon  the  large  question  of 
the  Origin  of  Species,  we  will  briefly  discuss  one  or  two 
points  bearing  on  the  subject  which  have  been  raised  in  the 
course  of  this  lecture.  When  varieties  arisen  it  is  assumed 
that  those  which  are  most  perfectly  adapted  to  the  prevailing 
conditions  persist  by  natural  selection,  whereas  those  v(hkk 
arc  less  perfectly  adapted  die  out.  By  the  gradual  extinction 
of  these  varieties,  the  intermediate  forms  between  the  per- 
sistent varieties  disappear;  hence  the  persistent  varieties 
appear  to  be  so  distinct  from  each  other  that  they  ranlc  as 
specie&  Similarly,  by  the  extinction  of  intermediate  species^ 
species  come  to  rank  as  genera. 

Theie  can  be  no  doubt  that  the  multiplication  of  plant- 
forms  has  taken  place  in  this  way,  but  the  question  has  been 
raised  whether  or  not  this  is  an  aUcquatL-  accouni  of  the  evo- 
lution of  more  and  more  highly  organised  forms  ;  for  more 
complete  adaptation  to  the  environment  by  no  means  in- 
volves a  higher  oiganisation.  For  instance,  we  may  account 
for  the  various  forms  of  the  lower  Alge  as  being  the  out- 
come of  variation  and  natural  selection,  but  can  we  account 
in  this  way  for  the  evolution  of  the  higher  Algae,  of  the 
Mosses,  or  of  the  Vascular  Plants  ?  It  may  be  urged  that 
variations  in  the  direction  of  hii^her  organisation  may  take 
place,  and  may  be  gradually  rendered  permanent.  But  it  is 
questionable  if  the  evolution  of  plants  could  ever,  by  this 
means,  have  reached  the  point  to  which  it  has  attained, 
especially  when  we  consider  that  much  of  it  must  have 
taken  place  in  forms  reproducing  themselves  by  the  sexual 
method,  in  which,  therefore,  in  order  for  the  variations  to 
have  been  made  permanent  and  hereditary,  the  same  varia- 
tion must  have  occurred  in  many  individuals  simultaneously. 
There  seems  to  be  some  ground  for  believing  that  the  evo- 
lution of  plants  is  the  expression  of  something  more  than 
fortuitous  variation.  As  already  mentioned  (p.  657)  Naegdi 
suggests^  and  his  suggestion  is  worthy  of  serious  considera- 
tion, that  there  is  an  inherent  tendency  to  a  higher  organ* 
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isuliuii,  so  that  each  succeeding  generation  represents  an 
advance,  though  it  may  be  a  slight  one,  on  its  predecessors. 
The  advance  may  not  be  at  all  perceptible  for  many  gene- 
rations, but  then  a  new  and  distinctly  more  highly  organised 
form  appears,  as  in  cases  of  what  Is  termed  saltatory  evo- 
lution. Naegeh'  conceives  the  matter  in  this  way,  that  the 
idioplasm  of  every  organism  tends  to  become  more  and  more 
complex ;  that  is,  to  become  more  and  more  completely 
differentiated  physiologically  and  therefore  also  morpho- 
logically. On  this  view  we  can  readily  understand  how  that, 
step  by  step,  there  have  sprung  from  simply  organised  plants 
others  of  increasingly  complex  organisation.  Evolution  is  no 
longer  a  matter  of  chance,  but  is  ^he  Inevitable  outcome  of  a 
fundamental  property  of  living  matter. 
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A  spidium  fa  icatttm ,  and  Aspidium  Filix 
mas^  apogamy  of,  6qi 

^Vspleniuta,  see  Athyrium 

Athyrium  Filix  fcemina,  apospory,  601; 
adventitious  buds  on  leaves  of,  599 

AtkiziBOQ,  on  diajitatic  ferment,  193 

AtripUx  leUi/olia^  heliotropism  6n~44i » 
geotropism  of,  46<j 

Aulucomtuon  oftdrogynum,  gemmse  of, 


Automatism,  7.  373 
Auxanometer  (Fig.  399 
Auxotonic  movements,  533.  573 
Avata  sativa^  localisation  of  hcUotropic 

irritability  in,  438 
Averrhoa  hHinihi,  tracing  of  nyctitropic 

movcmciils  of  (Fig.  58),  540 
Azygospores, 

Bacillus,  formation  of  spores  in,  60^ 

Bacteria,  as  tests  for  oxygen  (Engel- 
mann),  356 

Bacterium  photomeirirum,  infliience  of 
light  on  movcmcnti*  of,  2«>S,  513,  574 

Baeyer,  on  decomposition  of  carbon  di- 
oxide, 144 

Bailey,  on  crystalloids  in  potato,  171 

Balfour,  on  extnision  of  polar  body,  66g 

Balsams,  336 

Bangiaceae,  reproduction  of,  613 
Banks,  on  trajispiraiion  in  its  relation 

to  the  stomata,  107 
Baranet2ky — 

on  transpiration, 
on  climbing  stems,  510 
on  diastatic  ferment  (Fig.  a8),  183, 
189 

on  growth  in  length  (Fig.  4^  ^gg, 
403 

on  heliotropism  of  plasmodia,  537 

on  nutation,  ^ 

on  root-pressure, 
Barblerl — 

on  distribution  of  proteids,  16^ 

on  asparagin  in  potato,  i^l 

on  glutamin  in  pumpkin  seeds,  ij^ 
de  Bary — 

on  cutin,  ao 

on  callus,  i^d 

on  mechanism  of  excretion,  a^ 

on  luminosity,  317 

on  PcronosporciV,  6 19,  665  (Fig.  7a) 

on  Pyronema  (Peziza),  621 

on  Saprolegniere,  620,  665 

on  Sirogonium,  642 

on  vegetative  apogamy,  60I 

Bartli^leixiy,  on  the  function  of  sto- 
mata, 7a 

Basidia, 

Basidiomycetcs,  reproduction  of,  605, 
6a4 

Basidiospores,  6af 
Bast-6bres,  iSt 

Bast-parenchyma,  conduction  of  stimuli 

in,  586 
Batalln— 

on  excretory  glands,  a^ 

on  crythrophyll,  267 

on  decomposition  of  chlorophyll 
by  intense  light,  265 
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Batalln — 

on  growth  of  leaves  in  darkness, 

381 

on  movements  of  growing  leaves, 

on  movements  of  leaf  of  Oxalis,  5^ 
Batrachospcrmum,  613 
Becquerel,  on  temperature  of  trunks  of 

trees, 

Begonias,  propagation  of,  598 
BeU^efft  on  development  of  anthero- 

zoids,  639 
Bellamy,  on  alcoholic  fermentation,  209 
Benedeu,  £.  van^  on  extrusion  of  polar 

body,  67a 

Berberis,  irritable  stamens  of,  533,  545, 
559 

Berard,  on  alcoholic  fermentation  in 

fruits,  log ;  on  Carnauba  wax,  144 
Bergmaxm,  on  presence  of  formic  and 

acetic  acids  in  plant-cells,  72^ 
Bart- 
on effect  of  variations  in  the  atmo- 
spheric pressure,  7^ 

on  evolution  of  heat  accompanying 
movements  of  Mimosa,  311 
on  motile  organs,  312 
on  condition  of  movements  of  Mi- 
mosa, 5^  ^  -ui,  ^  572 
Berthelot,  on  the  formation  of  com- 
bined nitrogen,  118 
B«Tthold,  on  reproduction  of  Ectocar- 

pus,  608  (Fig,  66) 
Beta  vulgaris,  localisation  of  heliotropic 

irritability  in,  438 
Betain,  m 

BeTan,  on  aromatic  substances,  1^ 
Beyer — 

on  analysis  of  lupin  seeds,  125 

on  chlorine,  1^ 

on  conversion  of  acids  into  sugar 
in  fruits,  130 

on  solvent  action  of  saline  solu- 
tions, 55 
Biennials,  597 

Bignonia,  irntability  of  stigma  of,  545 
Bilateral  organs,        ;  action  of  Tlgnt 
on,  441 

Blitz,  on  amides  in  leaves,  150 

Biolc^cal  significance  of  plant-move- 
ments, 587 

BUdioff,  on  luminosity,  J17 

Bleeding  of  plants,  $oj  composition  of 
fluid  (Schroder),  ;  experiments  of 
Williamson  on,  gi;  periodicity  of 

f pressure,  55 ;  rate  of  escape  of  sap 
Hofmeister),  94 
Bloclssewski,  on  artificial  nourishment 

of  embryo,  17^ 
"  Bloom  "  on  fruits  113 


Boiling;  effect  of,  on  seeds  with  thick 
endocarp,  28a ;  on  spores  of  Bacillus 
subtihs,  iiJi 

B61im— 

on  absorption  of  carbon  dioxide,  by 
leaves,  83 

on  evolution  of  hydrogen  from 
plants,  109 

on  starch-grains  in  chlorophyll-cor- 
puscles, K££ 

on  transpiration-current,  08 
dn  Bols-Reymond,  on  electricuy,  310 
Boicorny — 

on  formation  of  nitrogenous  or- 
ganic substance  in  plants, 

on  structure  of  protoplasmic  mole- 
cule, \hsL 
Bonnet — 

on  absorption  of  carbon  dioxide  by 
growing  plants,  fij 

on  absorption  of  water  by  leaves,  66 
on  geotropism,  456 
on  relation  of  transpiration  to  num- 
ber of  stomata,  105 
Borodin — 

on  amides  in  leaves, 
on  exhalation  of  carbon  dioxide  by 
plants  in  light,  adj 
on  plant-movements,  199 
on  absence  of  sugar  and  amides  in 
growing  point,  177 
Borscov,  on  movements  of  Diatoms,  570 
Bolr)'dium,  514;  life-history  of,  63^ ; 

reproduction  of,  607 
Botrytis  cinerea,  634 
Boucbut,  on  papain,  190 
Boussin^anlt — 

on  absorption,  of  ammonia  by  leaves, 

86 

of  carbon  dioxide, 
of  gases  by  leaves,  2^2 
of  nitrates  by  roots,  liS 
of  nitrogen  gas,  85 
of  oxygen,  79 
of  water  by~T^aves,  66 
on  assimilation  of  carl)on  by  plants, 
1 46 

on  analysis  of  maize  seeds,  i  ^6 

on  chemical  action  of  roots  on  so- 
lutions, ^ 

on  effect  of  excess  of  carbon  dioxide 
on  absorption  by  leaves,  ^ 

on  evolution  of  hydrogen  by  plants, 
ao9 

on  evolution  of  oxygen, 
on  excretion  by  roots,  12^ 
on  exhalation  of  carbon  dioxide  by 
leaves, 

on  formation  of  non-nitrc^enous 
organic  substances  in  plants,  r£2 


I 


686 


INDEX. 


Boussingault— 

on  germination  at  low  temperature, 

on  loss  of  weight  by  plant  in 
respiration, 
on  radiation,  3T3 

on  relation  01  phosphates  to  assi- 
milation of  nitrogen,  m« 

on  weight  of  plant  uiTight,  153 
Bower,  on  apospory,  601 
Braconnot,  on  excretion  ti^  roots,  122 
Brassua  oleracea,  analysis  of  ash  of 

(Pierre),  di;  galvanotropism  of,  474 
Braun — 

on  the  oogonium  of  the  Characeae, 
6^ 

on  torsion, 
Brefeld — 

on  alcoholic  fermentation,  3 08. 113 

on  Basidiomycetes,  6^5 

on  destructive  metabolism,  2^ 

on  etiolation  of  Fungi,  393 

on  luminosity,  .^i8 
Brewster,  on  luminous  Algae,  317 
Brtosl— 

on  oil-tlrops  in  Musaceae,  146 

on  starcli-grains  in  sieve-tubes,  tfifi 
Brongnlart,  on  transpiration,  10^ 
Brooks — 

on  function  of  male  and  female  cells, 

on  parthenogenesis,  62± 
on  theory  of  Pangenesis,  655 
on  transmission  of  variability  by 
male  cell,  656,  676 
Broughton — 

on  evolution  of  carbon  dioxide  from 
seedlings,  iqq 

on  relation  of  alkaloids  to  nitro- 
genous food,  1 24 
Brown,  ou  action  of  diastatic  ferment, 

Biiicke,  on  movement  of  Mimosa,  560 
Bnmcliorst,  on  localisation  of  geotropic 

irritability,  468 
Buff,  on  electrical  condition  of  plants, 

310.  an 

Bimaen— 

on   formation  of  compounds  of 
nitrogen,  Llfi 
on  photochemical  induction,  163 
Burnett  and  Mayo,  on  Mimosa,  560 
Butlerow,  on  formation  of  methylenitan. 
Mi 

Burgers  teln — 

on  the  Darwinian  curvature,  495 

on  transpiration,  icq,  iio 
Bryophyllmn,  vegetative  oudding  in,  599 
Bryopsis,  9 

Bryum  annotinum^  bulbils  of,  599 


Buds, 

Bulh,  599 
Bulbils,  599 

Osthours,  on  exhalation  of  carbon  di- 
oxide increased  by  light,  260 

Calamus  ro/ang,  silica  in,  21 

Calcium,  as  a  constituent  of  the  food, 
134;  carbonate  deposited  in  cells, 
^40 ;  excretion  of,  146 ;  oxalate,  ai, 
^3 1,  249;  in  cell-wall,  12. 

Callus,  formation  of,  on  wounds,  3^ ; 
in  sieve-tubes,  iiS6 

Calyptra,  616 

Calystegia,  twining  of,  491,  ji  ^i^ 

Cambium  layer,  347 

Cameron,  on  absorption  of  urea  by  roots. 

Campanula  persicifolia^  heliotropism  of 

leaves  of,  444 
de  Candollo— 

on  conductivity  of  woods,  316 
on  excretion  by  roots,  211 
on  germination  iu  low  temperature, 
269,  171 
on  heliotropism,  439 
on  plants  as  aiTecled  by  high  tem- 
perature, 179 

on  spontaneous  movements  of  varia- 
tion, ^ 
Caoutehouc,  237 

Carbohydrate;  formation  of,  140;  de- 
composition of,  aiSj  as  reserve  mate- 
rial, ijo 

Carbon,  as  a  constituent  of  the  food, 
Carbon  compounds  absorbed  by  plants. 

Carpels,  604 

Carpogenous  cells,  614 

Carpogouium,  614 

Carpospores,  614 

Cassytha,  haustoria  of,  ^ii 

Caulerpa,  9;  geotropism  of,  458 

Cavendiflli,  on  sources  of  combined 
nitrogen,  L18 

Cell ;  circulation  in,  13.196, 511 ;  growth 
of,  16^  334 ;  mullinucleaied,  ajj 
motic  properties  of,  32i  plasmolytic 
state  of  (Fig.  9),  reproductive, 
597 ;  somatic,  597;  structure  of  (Fig. 

aL  14 

Cell-fusions,  03 

Cell  sap,  t^,  a8j  acidity  of,  55;  colour- 
ing matters  of,  22i  compositiou  of, 
aS 

Cellulose,  i^^  t^j  as  reserve-material, 
170 

Cell-wall  (Fijgs.  7,  8)j  ii^  14;  calcium 
in,  2a;  cuticularisation  of,~^;  growth 
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of,  334 ;  formation  of,  1^7;  Hgni- 
fication  of,  i8j  muci!nc»inous  defjene- 
ration  of,  ij  ;  in  polarised  light  (I'  igs. 
4i  fill  L4i  L5i  silica  in,  iij  stratifica- 
tion of  (Fifj.  2^.  i6j  striation  of  (Fig. 
8),  16.  Theories  of  growth  of ;  by 
apposition  (Strasburger  and  Dippel), 
16.  336 ;  by  intussusception  (Naegli), 
[li  3i2 

Centrifugal  force ;  influence  of,  on  tlirec- 
tion  of  growth  (Fig.  ^jj,  456;  on  rate 
of  growth,  4  10,  41 3.  461 

Ccr(HKgia  Gardnerti,  circumnutation  of, 

Chxtomium,  reproduction  of,  624 
Chaetophora,  pulsating  vacuole  in,  52a 
Chara,       J  rotation  of  protoplasm  m, 
AH 

Characeae,  ii;  vegetative  reproduction 

of,         life-hislory  of,  633 
Chattn,  on  aerial  roots,  50 
Chemical  stimuli,  action  of;  on  anthero- 

zoids,  529 ;  on  tentacles  of  Drosera, 

547 ;  on  zoospores,  52^ 
Ch lamydomonas,  pulsatmg  vacuole  in, 

Chlorine,  as  a  constituent  of  the  food, 

ChTorotic  plants,  136,  140 

Chlorophyll;  absorption -S|">ectrum  of, 
155 ;  chemical  composition  of,  154; 
decomposition  of,  266;  fluorescence 
of,  i^;  formation  of,  239,  141 ;  func- 
tion of,  15!,  1 56 ;  Lommel's  theory, 
154;  Pringshcira  s  theory,  157,  a6i ; 
in  Floridcnc,  ;  influence  of  light 
on,  761 ;  relation  of  iron  to,  239 ; 
spectrum  of  (Plate  l),  155 

Chlorophyll-band,  movement  of,  of  Me- 
socarini-s  515 

Chlorophyll- bodies,  152 

Chlorophyll-corpuscles,  81  i^j,  141,  151; 
movements  of,  in  light  (F^.  36),  agg, 
516 ;  structure  of  (Fig.  aa),  153 

Chlorophyllan,  154 

Choanephora,  eflect  of  starvation  on 

(Fig.  30),  11^ 
Cholesterin,  243 
Chromatin, 

Chytridiaceie,  605 ;  conjugation  of,  618 
Ckytridium  vorax,  directive  action  of 

light  on  zoospores  of,  524 
Cichorium  Intybus,  laticHerous  vessel 

of  (Fig.  24  B),  167 
OleBlelskl,  on  geotropism,  464,  467 
Cilia,  L.  5 '9 
Ciliaiv  movement,  519 
Circulation  of  protoplasm,  296,  521.  55S 
Circumnutation,  362 ;  diagram  of  (Fig. 

41),  364;  relation  to  twining,  ^08 


Cistinece,  movements  of  stamens  of, 
MS 

Citrus,  adventitious  budding  in,  599 
Claviceps,  asexuality  of,  62^;  life  his- 
tory of,  6^ 
Cleistogamous  flowers,  647 
Clinostat  (Fig.  48),  417 
does,  on  evolution  of  oxygen  at  low 

temperature,  271 
Closh-rium  moniliforme^  locomotion  of, 

520;  phototaxis  of,  525 
Colma  Siandmst  tendrils  of,  486 
CotUbo^ne  ilici/oita,  adventitious  bud- 
ding in,  ^ 
Oohn — 

on  aggregation,  565 
on  liacleria  exposed  to  low  tempe- 
rature, 221 

on  Bacteria  exposed  to  high  tempe- 
rature, 279,  283 
on  contractile  vacuoles,  522,  558 
on  leaf  of  Aldrovanda,  587 
on  effiect  of  exposure  to  light  on 
leaf  of  Oxalis,  5^ 
on  rotation  oTprotoplasm, 
on  stamens  of  Cynarcne,  568 
Cold,  eflfect  of,  on  germination  of  seeds, 
271,  281 ;  on  Bacteria,  272  ;  relation 
of,  to  life  of  plants,  275 
Coleochrete,  fruit  of,  025 ;  life-history 
of,  632 

Colin,  on  eflccts  of  high  temperature  on 

seeds,  280 
ColUma  mkrophyllum^  reproduction  of 

(I*"ig-  iAl  ^ 
Colophony,  236 

Colouring  matters,  238;  of  flowers, 
24J 

Compass-plants,  44^,  506 
Condensation  of  a(|ueous  vapour  by  soil, 

48 ;  by  velamen  of  Orchids,  50 
Confcrvaceac,  g 

Confervoidejc,  reproduction  of,  606 
Conidiophore,  602 
Coniferin,  234 

Conifers,  calcium  oxalate  in,  22 
Conjugation,  607  (Figs.  65,  66^  69) 
Continuity  of  protoplasm,  2^  374  (Fig. 

Contmuity  of  reproductive  substance, 

Contractile  vacuoles,  522,  558 
Contraction,  61  ^ 
Contractility,  6,  gs;,  568 
Convolvulus,  twinmg  of  (Fig.  54),  516 
Coprinus,  etiolation  of,  3^3;  hcliotrop- 

ism  of,  428;  hydrotropism  of,  478 
Corallincx,  reproduction  of,  615 
CorUiceps,  asexuality  of,  624 
Cordyline  rubra^  geotropism  of,  458 
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Corenwinder — 

on  absorption  of  carbon  dioxide  by 
growing  plants,  82 
on  absorption  of  nitrates  by  roots, 


177 

Cork, 

Corna,  on  Monoblepharis,  620 

Corpusculum,  61^  (Fig*  Hi 

Corvisart,  on  conversion  of  starch  into 
sugar,  26S. 

Coumarin,  736 

Cramer — 

on  starch-grains  in  chlorophyll- 
corpuscles,  ; 
on  crystalloids  in  Floridex,  i^i 

Crocus,  opening  and  closing  of  flowers 
of,       ;  under  influence  of  heat,  378 

Cross,  on  aromatic  substances,  333 

Cross-fertilisation,  646 

Crystalloid,  1  70,  1S4 

CunnlJigham,  un  effect  of  starvation  on 
Fungi,  21&  (Fig.  30) 

Cupressinese,  calcium  oxalate  in  cell- 
walls  of,  11^  reproduction  of,  616 

(Fig.  XI) 
Curcumm,  030 

Curve,  of  daily  period  of  growth  (Fig. 
45),  401 ;  of  heliotropic  effect  of  rays 
of  dmeirent  refrangibility  (Fig.  50), 
434 ;  of  nyctitropic  movement  of 
Averrhoa  (Fig.  58),  540 ;  of  retarding 
effect  of  light  on  growth  (Fig.  ±^3^ 

Curvature  of  organs,  mechanism  of,  in 
multicellular  organs,  579;  in  uni- 
cellular organs,  581 

Cuscuta,  formation  of  haustoria  of,  4M  > 
positive  heliotropism  of  stem  of,  517 ; 
sensitiveness  01  climbing  stem  of, 

Cuticle,  17,  18 

Cuticular  transpiration,  107 

Cutin,  1^ 

Cutleria,  reproduction  of,  600 

Cuttings,  reproduction  by,  598,  661 
Cyanophyce.x,  reproduction  of,  604 
Cynarex,  irritable  stamens  of^  ^^f^  .S.SQi 

568 

Cystocarp,  614 

Cystolith,  2ii  (Fig.  6)^  ifj  (Fig.  34), 

Cytxsus  Adamt  (graft  hybrid),  6gi 
Cytoplasm,  658 

Cystoseira  barbata,  extrusion  of  polar 
body  in,  64j^ 

Daily  periodic  movements  of  leaves, 
Daily  periodicity,  of  growth  (Fig.  4i07 
356 ;  401,  408 ;  of  root-pressure,  35, 
407 ;  of  tension  of  tissues,  405,  543 
DiuTy  variation  in  bulk,  408 


Darkness,  effect  of,  on  growth  of  leaves, 

.^80;  of  stems,  380,  ^  (Fig.  41) 
Darlingtonia,  pitcher  017^47 
Darwin,  C. — 

on  absorption  of  carbon  com- 
pounds by  leaves,  174 

on  advantages  ofcross-fertilisation, 

on  aggregation,  504 
on  circumnutation,  363 
on  crosses,  650 

on  development  of  adhesive  discs 
of  tendrils,  £ij 

on  diagcotropism,  463 

on  diaheliotropism,  449 

on  graft-hybrids,  6^1 

on  heterostyled  plants,  648 

on  insectivorous  plants, 

on  localisation  of  geotropic  irrita- 
bility, 467 

on  localisation  of  heliotropic  irrita- 
bility. 438 

on  localisation  of  hydrotropic  irrita- 
bility, 

on  nyctitropic  movements  (Figs. 

on  pangenesis,  653 

on  parahcliotropism,  5^1 

on  sensitiveness  of  roots  to  contact, 

on  significance  of  nyctitropic  move- 
ments, sshj 

on  twining  of  climbing  stems,  508 
on  twining  of  tendrils,  484 
on  transmission  of  varietal  charac- 
ters, 65a 
on  variation,  675 
Danrln,  F. — 

on  a^regation,  564 
on  diaheliotropism  of  leaves,  448 
on  geotropism  of  decapitated  roots, 
468 

on  growth  in  darkness  of  n^;atively 
heliotropic  oi^ns,  440 
Darwinian  curvature,  492 
Dasycladus,  reproduction  of,  608 
Davy,  on  use  of  silicon  in  plants, 
Death,  cause  of,  from  high  temperatures, 

Deh6raln — 

on  absorption  of  oxygen  by  roots,  ^8 
on  absorption  of  oxygen  by  plants, 
107 

on  decomposition  of  carbon  dioxide 
in  artificial  light,  258 

on  evolution  of  carbon  dioxide  by 
plants,  199,  107,  376 

on  ga-seous  interchange  during  ger- 
mination, 206 
Derivative  hybrids,  651 
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Dcsmids,  locomotion  of,  e,7o;  reproduc- 
tion of,  611 

Desmodium  (Hedj'sarum)  gyratis^  leaf 
of;  sleep  movements  of  (Fig.  60), 
54?,  544 ;  spontaneous  movement  of, 

Dessalgne,  on  luminosity,  319 
Destructive  metabolism,  iS%"^^ 
I>etlef8en — 

on  exccntric  thickening  of  stems, 
353 

on  localisation  of  geotropic  and 
hydrotropic  irritability,  468.  480 
Detmer — 

on  absorption  of  water  by  leaves,  66 
on  destructive  metalx>lism,  i^l 
on  evolution  of  ammonia  by  germi- 
nating seeds,  110 

exhalation  of  carbon  dioxide  by 
plants  in  light,  160 

on  germination  at  low  temperature, 

on  photoepinasty,  383,  444 
on  root -pressure,  53 

Deutzia  scabray  diageotropism  of,  47? 

Development  of  reproductive  cells,  6/,.*-; 

DiniTcotropism,  463,  £20>  Hi  joii  £il 

DiahcUotropism,  44Q,  «;.sf ,  5Q1 

Diastase,  i8q;  action  of,  on  starch,  191  ; 
analysis  of,  i8q 

Diatonis,  locomotion  of,  5^0;  reproduc- 
tion of,  613 

Dichogamy,  647 

Didymium,  hcfiotropism  of,  527 ;  in- 
fluence of  temperature  on  movement 

of, 

Differentiation  of  tbsues,  id 

Diffusion  currents ;  effect  of,  on  electrical 

potential,  322 
Dioecism,  64<^ 

Dioncea;  action  of  anasthetics  on  leaf 
of,  572 ;  conduction  of  stimuli  in  leaf 
of,  582;  distribution  of  electrical 
potential  on  leaf  of  (Fig.  39),  320; 
movements  of  leaf  of  (Figs.  62.  63), 
547 ;  plastoid  or  rhabdoid  in  cells  of 
leaf  of,  565 
Dioseorea  Batatas^  twining  of,  517 
Dlppel— 

on  growth  of  cell-wall,  16 
on  movements  of  Diatoms,  520 
on  stratification,  17 
Dipsacus,  absence  of  neliotropic  irrita- 
bility in,  431 
Discs,  adhesive  of  tendrils,  411 
Diurnal  sleep  of  leaves,  551 
Dodart,  on  geotropism,  458 
Dodel  Port — 

on  extrusion  of  polar  body,  64J 
on  reproduction  of  Ulothrix, 


Dorsiventrality,  induction  of,  425 
Dorsiventral  organisation,  366 ;  organs, 

423 ;  directive  action  of  {gravity  on, 
470;  directive  acliun  of  light  on,  4^ 
Draper — 

on  chlorophyll-spectrum, 

on  ctiolin, 

on  ra)rs  of  spectrum  which  decom- 
pose carbon  dioxide,  254 
I^echsel,  on  proteid  crystals,  172 
Dru*era,  aggregation  in  cell  of,  564; 
glands  of  (Fig.         112  J  localisa- 
tion of  irritability  m  the  gland,  548  ; 
movements  of  tentacles  of  (Fig.  61), 
fi47 ;  tentacles,  247,  533 ;  transmission 
of  stimulus  in  the  leaf  of,  587 
Drude — 

on  absorption  of  oxygen  by  Neottia, 

11 

exhalation  of  carlx)n  dioxide  by 
plants  in  light,  260 

on  growth  of  leaves,  311;  9 
Drummond,  on  luminosity  of  plants,  317 
Dubninfaut,  on  inverted  cane-sugar, 

Duchartre — 

on  absorption  of  water  by  leaves, 

on  hydrotropism,  477 
on  positive  heliotropism  of  Clavi- 
ceps,  428 

on  root  pressure,  oi 
on  twining  in  darkness,  /^i? 
Dncluzeau,  on  luminous  Algoe,  317 
Du.lrcsnaya,  repro<luelion  of,  61 
Duhamel — 

on  al)sencc  of  geotropic  irritability 
in  Mistletoe,  458 
on  geotropism,  456 
Dntrochet — 

effect  of  temperature  on  circulation 
in  Chara,  2^ 

on  evolution  of  heat  by  plants,  308, 
310 

on  heliotropism, 

on  irritability  of  stem  of  Cuscuta, 

on  loss  of  heat  by  plants,  314,  315 
on  Mimosa  not  motile  in  vacuo, 

^06.  548 

moule  oi^ans,  206 

on  movement  of  leaf  of  Mimosa, 
560 

on  negative  heliotropism  of  Mbtle- 
toe,  ^£2^ 

Oil  relation  between  branches  and 
axes,  ^21 
on  root-pressure,  go 
on  rotation  of  protoplasm,  2^ 
on  somatotropism  of  Mistletoe,  ^25 
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Dutrochet — 

on  temperature  of  plants,  3T4 
on  temperature  of  spadix,  308,  310 
on    transmission   of  stimulus  in 
Mimosa,  58^,  586 
on  transptmtion-cnrrent,  22 
on  twining  of  climbing  iitems,  509, 

515 

Dworzak,  on  chlorine  in  food,  136 

EchinocysHs  lobata,  tendrils  of,  ^86,  400 
Ectocarpus,  conjugation  of  (Fig.  60), 
608 

Ectoplasm,  23 

Eder,  on  absorption  of  water  by  leaves, 

Edwards,  on  effect  of  high  temperature 

on  seeds,  2S0 
Egg-apparatus  (Fig.  jo),  615 
Ehrenberg^,  on  luminous  Algce,  317 
Electricity  in  plants,  319;  encct  on 

growth,  410 
EUVlng— 

on  action  of  gravity  at  different 
angles,  460 

on  formation  of  etiolin,  264 
on  galvanotropism,  474 
on  mfiuence  of  gravity  on  rate  of 
growth,  409,  466 
on  plagiotropism  of  rhizomes,  got 
on  transpiration-current,  08 
Embryo-sac,  germination  of,  641 
Emmerllngr— 

on  an)ides  in  leaves,  mo 
on  formation  of  nitrogenous  organic 
substances  in  plants,  \^ 
Emulsin,  analysis  of,  189 
Enchylema,  15 

Endophyllum,  life-history  of,  634 
Endoplasm,  23 
Endosmotic  current,  40 
Endosperm ,  1 70 
Endospore, 

Encrf^y  in  plnnts;  accumulntion  of,  289; 
deucndcnce  of,  on  des>truclive  meta- 
bolism, a^o;  dissipation  of,  290;  evo- 
lution of7^electricity,32i;  as  growth, 
291 ;  as  heat,  302 ;  as  movement, 
296;  expenditure  of,  288;  supply  of 
in  plants  with,  and  without  chloro- 
j-yliyll,  2 1 ,  2 til 
Enigeimaiui— 

on  Bacteria  as  a  test  for  oxygen 
(Fig.  35),  256 

on  Bacterium  photometriatm,  298, 
fill 

on  contractile  vacuoles, 
on  colouring  matters  of  Alprc,  1^ 
on  decom[io.>iiion  of  carbon  dioxide 
by  light,  2.1,8 


s,  459 


Engelmann — 

on  etiolin,  152 

on  exhalation  of  oxygen  by  chloro- 
phyll-corpuscles, 153 

on  movements  of  Diatoms,  §20 

on  movements  of  Schizomycetes  in 
free  oxygen,  255 

on  theory  of  chlorophyll-fanction, 
156 

Enteromorpha  mesenUrua,,  spiral  growth 
of,  512 

Entomophthorese,  conjugation  of,  617 
Epicotyl,  curvatures  of,  367 
Epinasty,  366 
Epiphytes, 
Epiplnsm, 
Erdmaxm — 

on  glycolignose,  u 
on  lignose,  234 
Eremasnts  a/l»us,  reproduction  of,  620 
Erlksaon — 

evolution  of  heat  by  yeast,  3c/>. 

on  temperature  of  flower  seeds,  305 
Erlenmeyer — 

on  decomposition  of  carbon  dioxide, 
'44 

on  formation  of  acids,  227 
Errera,  on  glycogen  in  Fungi,  171 

Erythrophyll,  241,  266 
Ethereal  oils,  2  36 
Ethers,  237 

Etiolated  leaves,  structure  of,  384 

Etiolated  shoots,  structure  of,  386 

Etiolation,  152,  240 

Etiolin,  I.S2 ;  formation  of,  240.  264 

Eugster,  on  xanthin,  lii 

Eupiwrbia  splaiikns^   laticiferous  cell 

(Fig.  24),  162 
Evolution  of  heat,  303 
Evolution  of  plants,  ^Bq 
Excreta  of  plants,  ^  326 
Excretion  of  ferments,  247;  of  nectar, 

246 ;  of  salts,  246 
Exosmotic  current,  40 
Exospore,  6qq 

Extensibility  of  growing  organs,  ^42 
External  conditions;  effect  on  growth, 
496;  on  movement,  522 

Fllbre,  on  lumino5nty,  317 

Fagus,  calcium  oxalate  in, 

FalTre,  on  distribution  of  or^nic  sub- 
stance in  plants  by  means  of  sieve-tubes 
and  laticiferous  tis«5«e,  169 

Falkenberg,  on  reproducUuo  of  Cutleria, 
609 

Famlntzln— 

on  decomposition  of  carbon  dioxide 
in  artificial  light,  2^ 
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Faminizin — 

on  etiolation,  ^ 

on  movements  of  chlorophyll -cor- 
puscles, 399 

on  movements  of  Oscillatoria,  513 
F&rlow,  on  v^etative  apogamy  in  ferns, 

Farsky,  on  use  of  chlorine,  rj7 

Fat,  formation  of,  iiS 

Fatal  temperature :  for  plants,  778;  for 
leaves,  179;  for  Bacteria,  222 

Fatigue,  301,  ^ 

Fatty  acids,  77s, 

Female  reproductive  cell,  608 

Fcrmcnt-action,  191, 111 ;  effect  of  light 
on,  268 ;  effect  of  temperature  on, 

Fermentation,  103,  207 ;  acetous,  108 ; 
alcoholic,  i<^;  butync.  log;  lactic,  109 

Ferments,  iH^;  analysis  of,  189;  classi- 
fication of,  189;  preparation  of,  193 

Ferns:  apof^nmy  m,  601 ;  apospory  m, 
601 ;  lifc-hi.>tory  of,  629;  vegetative 
reproduction  in,  599 

Fertilisation,  609;  m  Phanerogams 
(Figs.  2j_,  75.  7^)). 

Fibro-vascular  tissue,  passage  of  water 
through,  100 

Fiedler,  on  the  effect  of  high  tempera- 
ture on  moist  seeds,  181,  afii 

Filtration  under  pressure,  in  Grass- 
haulms,  im ;  in  nectaries,  100;  in 
roots,  4^  94 

Flsoh,  on  conjugation  in  Ustilaginea*, 
6i8 

Fixed  light  positions,  4'^o.  446,  590 
Flaccidity  of  leaves  on  shaking,  iii 
Plemming — 

on  chromatin, 

on  granules  in  nuclei,  ij 
Flmuy,  on  absorption  ofoxygen  by 
seeds, 

Floridea;,  11 ;  reproduction  of,  531,  613 
Flower,  604 

Flower-heads,  pendent  position  of,  342, 
455 

Flowers,  evolution  by,  of  heat,  309;  of 

light,  37 
Food  of  plants,  l21 
Formic  acid,  71  f,,  777 
Fragaria,  diageotropism  of  shoots  of, 

470,  503  ;  diaheliotropism  of,  441 
Fr&nclilmont,  on  resin,  336 
Ftajik— 

on  calcium  oxalate  in  plants,  7^1 

on  diageotropism,  470 

on  diahclialropism,  441,  449 

on  geolrupism,  454 

on  heliotropism,  427 

on  induction  of  dorsivenlrality,  417 

on  movements  of  pl.mts,  399 


Franks 

on  mucilage,  tj 
Ftwny— 

on  chemical  composition  of  chloro- 
phyll, 
on  cutin, 
Fries,  on  luminosity,  317 
f'ntinaria  /w/tv ja/z/Thcliotropism  of 

leaf  of,  444 
Frommann — 

on  continuity  of  protoplasm,  23 
on  structure  of  protoplasm,  24 
Frost,  effect  on  leaves,  174 ;  on  plants, 

^73 ;  on  seeds,  271 
Fucacece,  reproduction  of,  609 
Fucus,  analysis  of  (Godechens),  ^ 
Ftinfatiick,  on  pendent  position  of  buds, 

Fungi,  life-history  of,  633  ;  reproduc- 
tion of,  617 
Funkia,  adventitious  budding  in,  599 

Gad,  on  movement  of  gynostemium  of 

Stylidium  adnatum,  536 
Galanihus  nivalis,  pendent  position  of 

buds,  ^ 
Gallic  acioT  2jf 
Galls,  ^ 

Galvanotropism,  474 
Gametangium,  607 
Gametes,  607 
Oardlner— 

on  aggregation,  565 

on  continuity  of  protoplasm  (Fig. 

on  water-glands  (Fig.  19), 
Gardner — 

on  formation  of  chlorophyll,  163 

on  heliotropism,  433 

on  luminosity  of  plants,  318 
Oorreati— 

on  absorption  of  oxygen  by  leaves, 

on  evolution  of  heat,  ^05 
on  loss  of  weight  during  germina- 
tion, 204 
on  respiration  of  growing  plants, 
on  transpiration,  103,  105,  106 
Gkrtner — 

on  hereditary  variability,  676 
on  hybridisation,  651 
on  variability  of  cultured  plants, 
622 

Gases,  in  plant -tissues,  115 
Oandichaud,  on  luminosity,  31^ 
Oautier,  on  chemical  composition  of 

chlurt*phyll,  154,  155 
Geddes,   on  formation   of  non-nitro- 
genous organic  substance  by  animnls, 
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Gemma  of  Marchantia  (Fig.  49),  4^6 

Gemmic  of  Fcrn-pmthallia ;  of  Liver- 
worts;  of  M  of  Sphacelarise, 

599 

Generative  nucleus,  615 

Gentiana,  absence  of  heliotropic  irrita- 
bility in,  431 

Geotropic  curvatures,  due  to  heteraux- 
csis,  465,  4.67 :  mechanism  of,  4^14,  f8o 

Geotropic  in  liability,  ^61;  lotaU.sation 
of,  467 ;  phenomena  of,  in  dorsiven- 
tral,  4^)9,  553;  in  isobilateral,  46Q ;  in 
radial  organs,  455 ;  orthotropic,  455 ; 
plagiotropic,  40 a 

Gcotropism,  ^  (Fig.  593;  after- 
effect, 464^;  latent  period,  435,  464; 
negative,  458;  positive,  458;  trans- 
verse,      ;  reversal  of,  459 

Gerland.  on  oxidation  of  chlorophyll  in 
liglit,  2^ 

Germination,  j  7  2,  626;  changes  in  re- 
serve-materials on,  173 ;  evolution  of 
heat  in  (Fig.  37),  303 ;  minimum  tem- 
perature of,  169;  optimum  tempera- 
ture of,  777  ;  effect  of  want  of  oxygen 
on,  2og 

Gilbert,  on  absorption  of  nitrogen,  8^ 
ti6 

Glands,  344  (Fig.  ^ ;  of  carnivorous 

plants  (Fig.  ^  2^ 
Globoid,  170,  184 
Glucosides,  234 
Glutamin,  2x1 
Glycerin,  729 
Glyct^en,  171 
Glycolignose,  XJ 
Oddechens,  on  ash  of  Fucus,  (h 
Godlewskl— 

on  absorption  of  carbon  dioxide, 
on  absorption  of  oxygen  during 
germination,  305 

on  etiolated  seedlings,  390,  392 
on  evolution  of  carbon  dioxide  by 
plants,  2Q1 
on  evolution  of  oxygen,  1^ 
on  formation  of  oil  drops  in  Mu- 
sacex,  146 

on  growth  of  leaves  in  darkness,  ;j8r 
on  starch-distribution,  162. 
on  starch -grains  in  chlorophyll -cor- 
puscles, 14a 
Goebel,    on   adventitious  budding  in 

Isoctcs,  635 
Goldfussia  anisophyila,  movements  of 
style  of, 

Gonium,  pulsating  vacuole  of,  522 
Cionoplasm,  619 
Coppert — 

on  evolution  of  heat  in  germina- 
tion, 


Qdppert — 

on  germination  at  low  temperature, 
271 

yon  GoTttp-Besanez— 
on  ash  of  Trapa,  5^ 
on  aspara^in  in  vetch-seeds,  i 
on  diastatic  ferments,  189,  193 
on  peptic  ferments,  173 

Qraham,  on  osmosis,  40 

Grand  period,  of  evolution  of  heat  in 
spathcs,  308;  of  growth,  354 

Granulose,  183 

Oratiolet,  on  evolution  of  oxygen  at 
low  temperature,  271 

Gravity;  influence  o^~on  direction  of 
growth  (Fig.  4.^4;  on  rate  of 

growth,  409 

OxIIb,  on  chlorotic  leaves,  136 ;  on  de- 
velopment of  chlorophyll-corpuscles, 
T      1 39 ;  on  ctiolin,  240 

Orossmann,  on  motile  Schizomycetes, 

Growing  organs ;  changes  in  irritability 
of,  42^,  429.  4.'>9;  irritability  of,  375  ; 
mechanism  of  movements  of,  5  7  ^ ; 
pro])crties  of,  ^£1 ;  structure  of,  338 ; 
tensions  in,  342 

Growing  point,  metabolism  of,  177 ; 
structure  of,  338 

Growth ;  axis  of7  418;  conditions  of, 
292,  3^2  ;  correlation  of,  391 ;  daily 
penodicity  of  (Fig.  45),  401 ;  defini- 
tion of,  291 ;  direction  of,  416; 
changes  in,  mduced  by  centrifugal 
force,  460;  by  contact,  484 ;  by  gal- 
vanic currents,  474 ;  by  gravity,  458, 
463;  by  heat,  434;  by  light,  427 ; 
by  moisture,  477 ;  by  substratum,  475; 
by  water  currents,  473 ;  by  weight, 
507 ;  spontaneous  changes  in,  360; 
grand  period  of,  354 ;  of  lateral 
branches,  421  ;  mechanics  of,  334 ; 
mechanism  of,  573 ;  rate  of,  changes 
in,  induced  by  electricity,  410;  by 
gravitation,  409;  by  light,  393;  by 
pressure  and  traction,  410 ;  spon- 
taneous variations  in,  358 ; 

Growth;  relation  of,  to  constructive 
metabolism,  ;  to  destructive  meta- 
bolism, 292,  332 

Growth;  of  cell-walls,  theories  of,  i^, 
336;  in  darkness,  380,  385,  39.1.  sMl 
01  intemotles,  3S  ;  •  of  k-avc>.  j<^;  of 
roots,  340;  of  starch-grains,  ij^  336; 
of  stems,  339 

CKMUard,  on  transpiration,  104,  105 

Onlllemln,  on  formation  of  chlorophyll, 
aOj ;  on  heliotropism,  433 

Gum,  u 

Gum-resins,  2^ 
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Gutta  percha,  737 

Gymnosperms;  calcium  oxalate  in,  22; 
reproduction  of,  615  (Fig.  71),  (Fig. 

m 

Gymnosporangium,  635 

Haberlandt,  O.— 

on  decomposition  of  chlorophyll 
by  intense  light,  265 

on  erythrophyll,  tOj 

on  minimum  temperature  of  ger- 
mination, 2H4 
Haberlandt,  F. — 

on  effect  of  high  temperature  on 
seeds,  180.  liii 

on  maximum  temperature  of  ger- 
mination. 177 

on  minimum  tem|>erature  of  ger- 
mination, 270,  271,  272 
lla-matococcus  (Fig.  i},  1^  11;  repro- 
duction of,  605 ;  sensitiveness  of  zoo- 
spores of,  to  light,  524 
Hales— 

on  alworption  of  water  by  leaves, 
66. 

on  force  of  absorption  in  im- 
bibition, ^ 

on  loss  l>y  transpiration,  10^ 
on    physiological  significance  of 
transpiration, 

on  rw)t-pressurc,  (ja,  55 
on  transpiration,  ^  104,  1 17 
Hansgirg,  on  movements  of  Diatoms, 
5 

Bansteln— 

on  distribution  of  organic  sub- 
stance in  plants,  i6<2 

on  cnchylema,  2^ 

on  metaplasm,  23 
Hartlg— 

on  resin,  2^2 

on  tannic  acid,  2^ 

on  transpiration,  98 
Haulms  of  grasses,  geotropic  curvatures 

of,  ^66 
Ilaustoria,  ^11 

Heat,  Ida;  cause  of  death  from,  283; 
conduction  of,  by  wootl,  315.  316; 
evolution  of,  in  fermentation,  307  ;  in 
germination,  303 ;  in  openmg  of 
flowers  (Garreau,  Fig.  38),  308 ; 
(Kraus),  308 ;  (Dutrochet),  309 

fatal  tem|>crature  for  Bacteria,  279 ; 
plants,  278;  yeast,  27^ 

influence  of,  on  formation  of  chloro- 
phyll, 270;  on  germination,  269;  on 
growth,  i02^  ^ 

loss  of,  by  conduction,  313 ;  radi- 
ation, 313 ;  transpiration,  ^ij 
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Heckel,  on  effect  of  ana>sthetics  on 
motile  stamens,  5 49,  551 

ticdysarum  ^Dismoiiium)  ^ram,  533 ; 
leaf  of  (Fig.  57).  535 ;  sleep  move- 
ments of  (Fig.  60),  5-12 

Heiden,  on  absorption  oTwater  by  leaves, 
(A 

Heldenhaln,  on  distribution  of  elec- 
tricity in  plants,  320,  322 

Heinrlcli,  on  evolution  of  oxygen  at 
low  temperature,  271,  276,  277 

Heliotroj)ic  curvatures,  cause  of,  439; 
distribution  of,  437 ;  latent  period  of, 
435  ;  mechanism  of,  440,  579 

effect  on,  of  direction  of  incident 
rays,  432  ;  of  intensity  of  light,  432  ; 
of  rays  of  different  wave  length, 
('Vg-  50},  ^ 

Heliotropic  irritability,  436,  500;  scat 

of.  lil . 

Heliotropism,  427,  590;  negative,  428 ; 
positive,  428 ;  transverse,  449;  re- 
versal of,  429.  443 

Hellrlegel,  on  constituents  of  clover-ash, 

Hemipuccinia,  life-history  of,  635 
Hemp  seed,  analysis  of,  206 
Heimeberg',  on  retention  of  salts  by 
soil,  49 

Eerapatii,  on  ash  of  potato,  61,  61 ;  on 

ash  of  oat  plants,  6^ 
Hereility,  649 
Hermann — 

on  electricity,  323 

on  kinetic  energy,  289 

on  nitrolin,  1 29 
Heron,  on  diastatic  ferments,  191 
Heterauxesis,  376,  422 
Hetertccism,  633 

Helerosporous  vascular  plants,  603,  629 
Heterostyled  flowers,  647 
flibbertia  dmtata,  twining  of,  513 
Hibernation,  269 

HllgerB,  on  occurrence  of  oxalic  acid  in 

plants,  231 
de  la  Hire,  on  absorption  of  carbon 

dioxide  by  green  plants,  El 
Histological  differentiation,  iq 
Hlaslwetz,  on  resins,  236 
Hofniaim — 

on  the  formation  of  compounds  of 
nitrogen,  liS 

on  germination  of  Fungi  at  low 
temperature,  270 

on  effects  of  high  temperature  on 
spores,  ^83 
Hofmelster— 

on  instances  of  heliotropism,  428 
on  movement  of  plasmodia,  524, 
5^7 
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evolution  of  oxygen,  143 

on  decorapoiiiUon  of  ab: 


isorbed 


Hotmelster— 

on  reversal  of  heliotropic  properties, 

on  root*pres5ure,  90,  94,  95 
Ton  HShnel— 

oa  cutin,  19 
on  filtration,  09 

on  effect  of  lugh  temperature  on 
seeds,  tSq 
on  negative  pressure  in  vessels, 

on  transpiration,  100,  107 
Holloa- 
on  constructive  metabolism  of  Mu' 
saceae,  146 

on 

Holzner,  on  decompusition 
sulphates,  142 

Homodromous  torsion,  514 

HoJiiospoi'ous  plants,  60.^ 

Hook -climbers  (Fig.  47),  417 

Hop,  twining  of  (Fig.  54),  516 

Hop|»o,  on  daily  period  oTTieat -evo- 
lution in  Coloca*»ia,  3H 

Hoppe-Seyler — 

on  alcoholic  fermentation,  iq8 
on  aromatic  i»ubi»tauces,  13a 
on  cholesterin,  22a 
on  composition  of  chloropliyll, 
on  conversion  of  carbohydrates  into 
fat,  nfi 
on  etiolin,  2^ 

on  the  formation  of  acids  in  plants, 

on  globulin,  35 
on  lecithin, 

Horizontal  position 
organs,  ^^o,  503 

HosseuB— 

on  ammonia  salts  in  plants,  rfo 
on  evolution  of  ammonia  by  ger- 
minating seeds,  110 

Hubert,  on  temperature  of  spadix  of 
Colocasia,  30^ 

Humidity  of  air,  relation  of,  to  tran- 
spiration, is^ 

Humus,  4^ 

Hybrids,  648;  hybridisation,  reciprocal, 
648 

Hydrodictyon  utriculatum^  reproduction 

of,  627 

Hydrogen,  in  food  of  plants,  us ;  evo- 
lution of  by  plants,  709 

Hydrotropism,  of  growing  organs,  478, 
«»93 ;  of  plaisuiod ja ,  528 

Hygroplasma,  656 

HygTosc()i)ic  water,  ^ 

Hypochlurin,  147 

Hypocotyl,  curvatures  of,  367 

Hyponasty,  366 


of  doTsiventral 


Idioplasm,  6^ 

Imbibition,      ^^1        evolved  in,  37 ; 
influence  of  acids  or  alkalies  on, 
38;  of  alcohol  and  salts  on,  38 ;  of 
temperature  on,  ^ 

Indican,  239 

Indifferent  line  in  cells  of  Characese, 

Indigo,  239 
Ingenlioau — 

on  absorption  of  nitrc^n  by  plants, 

on  absorption  of  oxygen  by  leaves, 

on  (lephlogistication  of  air,  140 
on  relation  of  plants  to  atmosphere, 

Intercalary  growth  in  celUwall  of  C£do- 
gonium,  y^i 

Intercalary  ^ones  of  growth,  338 

Intramolecular  oxygen,  203 

Intussusception,  16,  3^ 

Invertin,  190 

Ipomoea,  twining  of,  517 

Iron,  in  food  of  plants,  ;  in  chloro- 
phyll-molecule, 154;  influence  of,  on 
formation  of  chlorophyll,  239 

Irritability,  32'  >  action  of  anaesthetics 
on,  549;  of  fatigue  on,  30^.  550;  of 
light  on,  549 ;  of  temperature  on,  ^  i ; 
of  supply  oTwater  on,  554 

Irritability ;  conditions  of,  5^ ;  localisa- 
tion of,  in  root-tip,  468,  474,  479 ;  of 
growing  organs  ,416 ;  of  mature  organs, 
V19;  of  tendrils,  4^5 ;  of  twining 
stems,  511 ;  relation  between  geo- 
tropic  and  heliotropic  irritabilities, 

IrriUibility,  specific,  ^24 

Irritable  hairs  of  Dionoea,  .1^48  (Fig.  63) 

Isobilatcral  organs,  4^3 

Isoetes,  adventitious  budding  in,  635 ; 

development  of  antherozoidb  of,  639 
Isosporous  plants,  603, 6^9 
Ivy,  dorsiventrality  of  shoots  of,  415 

JanesMwaki,  on  callus  in  sieve-tubes, 

166 

Joilln,  on  oxidation  of  ethereal  oil,  262 
Johnson — 

on  analysis  of  plants,  lii 
on  ceotroj)i.sm,  454 
on  Hydrotropism,  477 
Juniptrm  virginiana^  fertilisation  in 

(Fig.  lO,  617 
Jurgensen,  on  distribution  of  electricity 

in  plants,  320,  331 
Just— 

on  assimilation  of  carbon  by  plants. 
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Juat — 

on  maximam  temperature  for  germi- 
nation,  377 

on  effect  of  high  temperature  on 
seeds,  iSo 

KAtMOh— 

on  effect  of  anxsthetics  on  motile 
leaves,  5^ 

on  influence  of  gases  on  movement 
of  stauicus  of  Bcrberis  and  Ilelian- 
tbemum,  548 

on  influence  of  temperature  on 
movement  of  Desmo<lium,  5.^7 
on  motile  organs,  196.  7()H 
on  movement  of  gynostcmium  of 
Stylidium  adnatum,  =36 
Kanten,  on  compo:>itiun  of  etiolated 

seedlings.  390 
Kellner— 

on  amides  in  leaves, 
on  effects  of  nitrates  on  exhalation 
of  carbon  dioxide  by  seeds,  isn 
Kern,  on  peptone  in  shoots,  164 
Kemer,  un  irriiabiliiy  of  peduncles,  491 
Ketones,  736 

K1hlmann,on  reproduction  of  Pyronema 

(PezLta),  6il 
Kinetic  energy,  a88 
Kirchner — 

on  mucilage,  iS 

on  the  eftect  of  decapitation  on 
roots,  468 

EJellmann,  on  movements  of  zoospores 

at  low  temperatures,  208 
Klein,  on  crystalloids  in  Mucorini,  jji 
Knight- 
on diffusion  of  organic  substances 
in  plants,  i6g 

on  effect  of  movement  on  growth  in 
thickness, 

on  geotropism  (Fig.  51),  456 

on  hydrotropism,  478 

on  negative  hcliotropism  of  tendrils, 

on  root-pressure,  ^ 

on  transpiration-current,  97 

Knoblaach,  on  conductivity  of  wood,  316 

Knop — 

on  absorption  of  asparagin,  etc.,  by 
roots,  12^ 

on  chlorine,  m6 
on  excretion  by  roots,  117. 
Koch,  on  etiolated  shoots,  386  (Fig.  47) 
Kohl,  on  mechanism  of  auxolonic  curva- 
tures, ^  ;  on  twining  stems,  491, 

Kolbe,  on  formation  of  compounds  of 

nitrofren,  128 
Kblreuter,  on  hereditary  variability,  676 


Konrad,  on  chemical  composition  of 

chlorophyll,  154 
Koppen,  on  relation  between  temperature 

and  ^'rowth,  1^  33^  ^ 
Ko&sel,  on  xanthin,  111 
KoBsmiuin,  on  diastatic  ferment,  164, 
190 

Krabbe,  on  effect  of  decapitation  of 

roots,  468 
Krauch — 

on  peptic  ferment  in  seeds,  173, 

150  . 
on  dinslatic  ferment,  185 

C.  Kraus — 

on  formation  of  acids  in  plants, 

218 

on  growth  of  leaves  in  darkness, 

Q.  Kraus  — 

on  daily  periodicity  of  tension  of 

tissues,  405 

on  etiolated  shoots,  386,  388 

on  formation  of  starch -grains  in 

chlorophyll-corpuscles,  147 
on  geotroiiic  curvature,  580 
on  growth  of  leaves  in  darkness, 

on  influence  of  light  on  growth, 

on  temperature  of  spadix,  308 

on  tension  of  tissues,  340^  405. 

on  torsion,  354 
Krutflch,  on  temperature  of  trees,  315, 
316 

Kahn,  on  chemical  action  of  roots  on 

solution,  ^ 
Kahne — 

on  effect  of  high  temperature  on 
plants,  27^ 

on  motde  organs,  796 
on  rotation  of  protoplasm,  797 
KunlBCli,  on  effect  of  low  temperature 

on  cell-sap,  773 
Kunkel,  on  distribution  of  electricity 

in  plants,  370,  374 
Kurts,  on  glands  of  Nepenthes,  747 

Lactuca  scariola,  light-position  of  leaves 
of,  446 

Lamarck,  on  evolution  of  heat  in  flower- 
ing. 

Laminanea:,  absence  of  sexuality  in, 
604 

Land-roots,  50 

Lang«,  on  silicon  in  plants,  137 
Langley,  on  maximum  of  enei^  in 

spectrum,  757 
LaskowBky,  on  watery  va|X)ur  exhaled 

by  plants  in  respiration,  1^ 
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Las  Bar,  on  luminosity,  31^ 

Latent  period,  374.  513;  m gcotropism, 

464 ;  in  heliotropism,  435 
Lateral  roots,  463 ;  action  of  centrifugal 

force  on,  461 ;  action  of  gravity  on, 

461 ;  proper  angle  of,  501 
Latex,  162;  composition  of,  iC)K 
Lctthyrus  odoratus^  twining  of  tendrils 

of,  490 

Laticiferous  cells  and  vessels  (Fig.  14), 
167 

Lawes,  on  absorption  of  nitrogen  by 
plants,  ufi 

Laying"  of  wheat,  137.  386  (Fig.  4^) 
Leaf ;  absorption  by,  of  gases,  6^1  of 

water,  6;^ 

fixed  light-position  of,  445 

heliotropism  of,  444 

structure  of  (Fig.         6^  384 ; 

etiolated,  peculiarities  in,  due 

to  fixed  lijjj'ht-pobiUuns,  591 
LechaxUer,  on  alcoholic  fermentation  in 

fruits,  lOQ 
Lecithin,        125^  143 
Lehmann,  on  relative  value  of  ammonia- 
salts  and  nitrates,  \ii 
Lemna  trisulca,  chlorophyll-corpuscles 

(Fig.  36),  300 
Lenticels"(Fig.  ji 
Leon,  on  torsion  of  twining  intemodes, 

till 

Leptogium,  reproduction  of,  623 
Leucin,  150,  2ii 
Leucophyll,  161 

Leydliecker,  on  chlorine  in  food,  136 
Lichens,  sexual  reproduction  of  (Fig. 

^ ;  soredia  of,  ^ 
Lieb^ — 

on  absorption  of  carbon  dioxide 
by  root,  Si 
on  formation  of  acids  in  plants, 

on  potassium  in  plants, 
Life,  1^ 

Life-history  of;  Alga;,  631 ;  Fungi,  633 ; 

Mosses,   628;    Phanerogams,  619; 

Vascular    Cryptogams,  isosporous, 

619;  hetcrosporous,  639 
Light ;  apostrophe,  132,  £21  (Fig-  2^ 
directive  influence  of,  on  growtnof 

bilateral  organs,  dorsiventral,  ^£1 ; 

is«jbi lateral.  441 ;  leaves,  445;  radial 

organs,  428 

epistrophe,  399.  ill  (Fig.  36) 
evolution  of,  by  plants,  ^16 
induction  of,  fixed  position  of  or- 
gans, 430 ;  dorsiventrality  by,  427 
influence  of,  on  absorption  of  mine  - 

ral  food,  358;  of  oxygen,  360;  of 

carbon  dioxide,  &i 


Light,  eotitinwd : 

on  action  of  unoi-j^nnised  ferments, 
368;  on  Bacteria  (Eiigelmann),  355; 
on  constructive  metabolism,  151,  354; 
on  decomposition  of  chlorophyll,  363 ; 
on  destructive  metabolism,  iqq 

on  formation  of  alkaloids,  268;  of 
chlorophyll,  262  ;  of  colouring  matters, 
363,  367;  of  etiolin,  36^;  of  non- 
nitrogenous  organic  material,  147 

influence  of,  on  growth  (Fig.  4^), 
379;  stimulating,  399,  400;  tome, 
379;  phototonus,  380,  573;  paratonus, 
nature  of,  524 

on  locomotion,  523;  on  movements, 
gaa,  538 ;  on  movements  of  chloro- 
phyll-corpuscles,  535 ;  on  position 
of  zoospores  (phototaxis),  535 ;  on 
respiration,  360;  on  streaming  move- 
ment of  protoplasm,  534;  on  transpi- 
ration, 10^ 
Light,  inhlmtory  action  of,  398;  inhibi- 
tion of  spontaneous  movements  by, 
544;  optimum  intensity,  for  growth, 
358  ;  for  heliotropism,  433 ;  persistent 
influence  of,  396 
Light-positions  of  organs,  430,  446, 
590 

Light-rays  which  cause  opening  of 
motile  leaves,  ^^39;  which  decom- 
pose carbon  dioxide,  354;  which 
produce  hcliotropic  curvature,  433; 
which  retard  growth,  397 

relation  between  intensity  and  de- 
composition of  carbon  dioxide,  357; 
between  intensity  and  heliotropic 
eflfect,  433 

Lignin,  333 ;  in  cell-walLs,  iS 

LUium  bulbiferumy  vegetative  reproduc- 
tion of,  599 

Litiaria  cymbalaria^  heliotropism  of, 
429 

LinSiay,  on  Mimosa,  560 
Litmus,  343 

Loasa  aurantiaca^  reversal  of  direction 

of  twining  in,  jji? 
Localisation  of  irritability;  in  growing 
organs,    galvanotropic,    474 ;  geo- 
tropic,  467 ;  hcliolropic,  438;  hydro- 
tropic,  480;  in  motile  organs,  548 ; 
in  tendrils,  486 
Locomotion,  519 
Loew — 

on  analysis  of  ferments,  189 
on  fat  in  Fungi,  319 
on  formation  of  nitrogenous  or- 
ganic substance  in  plants, 
on  lecithin,  131 

on  structure  of  protoplasmic  mole- 
cule. 
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Lommel — 

on  physical  theory  of  chlorophyll, 

on  rays  of  spectrum  which  decom- 
pose car}x>n  dioxide,  254 
Lonicera,  twining  of,  514,  517 
Lophospemtum  sccmdens^  irritability  of, 
49' 

Lory,  on  absorption  of  oxygen  by  Oro- 

banche,  2^ 
Lubbock,  un  dichogamous  flowers,  647 
de  Luca — 

on  alcoholic  fermentation,  109 
on  evolution  of  carbon  dioxide  by 
plants,  orj 
on  evolution  of  hydrc^en  by  plants, 

on  raannite  in  olives,  171 
Ludwlg,  on  luminosity,  317 
Luminosity  of  plants,  318 

Lunularia,  gemm;e  of,  §99 

Lyncli,  un  muvenients  oi  Avcrrhoa  bi- 

iimdt,  ^  {Fig.  ^H) 
Lysitnachia  Numtitularia,  direction  of 

growth  of,  ^  ^  £50,  463,  503 
Ly thrum,  heterustylisin  in,  647 

Macrosponin^a,  603 
Macrospore,  603 

Magnesium  in  food  of  plants,  1^ 
Hahonia,  structure  of  motile  stamens 

of,  Sii 
Male  parthenogenesis, 
Malic  acid,        attraction  of,  on  an- 

therozoids,  5^9 
MalplgM,  on  germination  in  absence  of 

oxygen,  19a 
Kaly,  on  resm,  236 

Maudevillm  suaveoUns,  does  not  twine 

in  darkness,  g^l 
Mannite,  171,  210 
Maquenne— 

on  absorption  of  heat  by  leaves, 

314 

on  dccomjTosition  of  carbon  dioxide 

in  artilkial  light,  258 
Marcet — 

on  al>sorption  of  oxygen  by  BoUtus 

versicdor^  ^6 

on  exhalation  of  carbon  dioxide  by 

Fungi,  197 
Marchantia,  dorsiventrality    of,  4^5 ; 

gcmmx  {Fig.  ^  426^  599 
Marlotte,  on  loss  of  water  by  transpi- 
ration, 104 
Marquard,  on  movements  of  chloro- 

I)hj  U-corpuscles,  299 
MarUnfl,  on  relation  of  plant-life  to 

icmpcrature,  275 
Marlyuia,  iriilabihty  of  stigma  of,  545 


Maskelyne,  on  Carnauba  wax,  2^4 

Mauratuiia  semperflorensy  irritability  of 
stem  of,  491 

Maximum  temperature,  for  germination, 
277 ;  for  growth,  293;  Tor  metabo- 
lism, 276 

Mayer— 

on  absorption  of  ammonia  by  leaves, 
8d 

on  absorption  of  oxygen  by  plants, 

by  seedlings,  jo,  260 

on  absorption  of  oxygen  by  plants 
in  darkness,  2^ 

on  absorption  of  substances  in  so- 
lution by  leaves,  62 

on  action  of  chymosin  retarded  by 
light,  26a 

on  alcoholic  fermentation  affected 
by  temperature,  r[2 

on  evolution  of  carbon  dioxide  by 
plants,  207 

on  metabolism  of  succulent  plants, 
111 

on  optimum  temperature  of  growth, 

on  relation  between  growth  and 

absorption  of  oxygen,  369 
Mayerhausen,  on  movements  of  Schizo- 

mycetes,  297 
Kayo,  on  Mimosa,  560 
Measurement  of  growing  organs,  398 
Melanospora,  reproduction  of,  624 
Mechanics  of  growth,  334 
Mechanism  of  movements,  557 
Mtgaclinutn  falcatum^  movements  of 

labcllum,  536 
Melntkoff,  on  cystoliths,  21 
Melsens,  on  alcoholic  fermentation,  2 13 
Members  of  plants,  11 
Mer,  on  growth  of  leaves  in  darkness, 

382 

Meresclikowsky,  on  movements  of  Dia- 
toms, 520 

Mcsembryanthemum,  calcium  oxalate 
in,  -n 

Mesocarpee,  reproduction  of,  612 
Mcsocarpus,  movements  of  chlorophyll- 
band  of,  525^  ^ 
Mesophyll,  70 

Metabolic  processes,  187 ;  relation  of 
temperature  to,  27/^ ;  relation  of  oxy- 
gen to,  202.  llil 

Metabolism,  of  gromng-point,  177 ;  of 
plants,  4, 139;  constructive,  non-nitro- 
genous, 140;  nitrogenous,  i4S;destruc- 
tive,  i88i  relation  to  evuluiion  of 
kinetic  energy,  288.  30.^ ;  to  move- 
ment, 2fj6;  to  growth,  332;  products 
of,  plastic,  216 ;  waste,  2_2_a 
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Meyen— 

on  transpiration-carrent,  ivi 

on  luminosity,  317 
Meyer — 

on  formation  of  starch-grains,  i&i 

on  relation  of  iron  to  formation  of 
chlorophyll-corpuscles,  140 
Micella, 

Micellar  theory  of  Naegeli,  ^  336 

Micrnsomatn,  2^  26 
Microsporangia,  60 j 
Microspores,  603 
Middle  Lamella,  15,  20 
Mlescher,  on  nuclein,  27 
Mikosch — 

on  etioHn,  240 

on  photochemical  induction,  163 
MUlardet— 

on  movements  of  Mimosa,  541, 

543'  S4± 

on  tissue-tensions  in  Mimosa,  406 
Mimosa  albida^  paraheliolropism  of, 

Mtmosa  fudica,  jot.  ;^2,  ^x^,  j^ii 
538;  action  oianassilhelics  on,  549, 
572 ;  conditions  of  irritability  of,  549, 
57? ;  conduction  of  stimuli  in,  548, 
{8j{;  daily  periodic  movements  of,  543; 
fatigue  in,  550;  mechanism  of  move- 
ments, 568;  nyctitropic  movements, 
(Figs.  55,  56),  54 1,  570;  rays  favour- 
able to  irnialnlily  of,  549;  relation 
between  tissue  tensions,  and  nyctitro- 
pic movements,  543 ;  sensitiveness  to 
gravity,  fs? ;  to  light,  538;  to  me- 
chanical stimuli,  544,  561 ;  spon- 
taneous movements  of,  structure 
of  pulvimi?;  of  (Figs.  55;  .^6),  53.^ 
Mimulus,  irntability  of  stigma  of,  545 
Minimum  temperature  of  growth,  29.^ 
miiot,  on  extrusion  of  polar  boffy, 
671 

Mistletoe,  419,  458,  474;  absence  of 


^cotropic  irritability  in,  4^8 ;  negative 

sitia 
Ton  Mohl — 


ot rop ism  o f  h ypocot yf,  4:9; 
sitiMu  of,  134;  souialutrupism  ot,  474 


para- 
»%  474 


on  ciythrojihyll,  266 

on  negative  refraction  of  cell-wall, 

L5 

on  optical  properties  of  starch- 
grains,  [8^ 

on  interference  colours  in  starch- 
grains,  36 

on  the  relation  between  geotropic 
and  heliotropic  irritability,  498 

on  resumption  of  the  formation  of 
chlorophyll  m  spring,  ?66 

on  starch-grains  in  chlorophyll  cor- 
puscles. 


von  Mohl — 

on  transpiration  as  affected  by  sto* 
mata,  107,  108 

on  twining  stems,  491.  yo8 
on  twining  of  tendrils, 
Moissan — 

on  evolution  of  carbon  dioxide 
from  leaves,  i^,  276 

on  gaseous  interchange  during  ger- 
mination, 206 
Moisture,  directive  iuliuence  on  growth, 

Moldenhawer,  on  transpiration  as  af- 
fected by  htomata,  107 
Molisdi,  on  hydrotropism,  477 
MoU— 

on  absorption  of  carbon  dioxide  by 
leaves,  83  (Figs,  i^,  18) 
on  root -pressure,  92 

MonoMcjiharis,  reprocuTction  of,  630 

Mon4>(n>pa  Hypopiiys,  ovule  of  (Fig.  70), 
616 ;  par.a.sitisin  of,  H5 

Monstera  Lenneay  growtn  of  aerial  root 
in  darkness,  437 

Morgen,  un  disappearance  of  starch- 
grains  from  leaves,  163 

Morren — 

on  Megtulinum  falcatnm^  536 
on  movements  of  stamens  of  Cis- 
tinese  and  Sparmannia,  545 

on  movements  of  style  of 
fusiia  anUcphylla^  545 

on  structure  of  stamens  of  Berberis 
and  Mahonia,  533 

Mortierella,  fruit  of,  625 

Mosses,  archcgouium~or(Fig.  68),  610; 
life  history  of,  difl ;  vegetative  repro- 
duction of,  59S,  599 

Motility  of  protupla:»m,  568 

Movements,  of  chlorophyll-band,  535, 
537  ;  of  chlorophyll-corpuscles,  399, 
5^7 ;  of  motile  oqjans,  ^ ;  of  mature 
motile  organs,  aiSi  53^ ;  of 

growth  (auxotonic),  ^  ^  573; 
of  variation  (allassotonic),  533,  558 

Movements, 

biological  significance  of,  587 ;  con- 
ditions of,  396,  373,  537;  electrical 
phenomena  of,  314 ;  evolution  uf  h«»t 
m,  313 ;  induced,  53S 

Movements, 

influence  on,  of  anaesthetics,  549, 
573 ;  of  chemical  stimuli,  539,  547 ; 
of  darkness,  544;  of  fatigue,  jo:, 
550;  of  lighf,  298,  400;  of 
oxygen, 


free 

of  temperature,  397, 


Movements, 

of    organisms  (locomotion),  5t9; 
inilucucc  uu,  of  chcuiical  slinmli,  514, 
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539 ;  of  electrical  stimuli,  5^4;  of 
external  conditions,  ^ri;  of  free 
oxygen,  ?(/>,  ^22 ;  lights  intensity  of, 

2()H,  512,  525,  527,  574;  direction  of, 
(pholotaxis),  .524 ;  of  temperature, 
397,  538;  of  water  of  imbibition, 
5*4 

Movement;  mechanism  of,  .^57 ;  nycti- 
tropic  (Fig.  ^  539,  400;  relation 
of  to  tui^idity,  559;  spontaneous, 
533  ;  of  Plasmodia,  537 ;  of  pulsating 
vacuoles,  521 
Movements,  streaming,  of  protoplasm, 

7f/y,  5^''  558 
Mucilage  m  seeds, 
Mucor,  heliotropism  of,  418 
Mucor  mucedoy  life  history  of,  634 
Mucor  stoloni/tr,  hydrotropism  of,  ^78 
Mucurini;  conjuj^alion  01,  617 ;  life 

history  of,  634 
Mulder— 

on  formation  of  compounds  of 
nitrogen,  12^ 

on  geotropism,  454 
MiUler— 

on  oxidation  of  chlorophyll,  166 
on  resin,  133 

on  theory  of  chlorophyll- function, 

MiUl«r-HetUing^en«  on  Galvanotropism, 
124 

Milller-Thurgrau — 

on  4;ro\vih  in  darkness  of  nega- 
tively heliotropic  organs,  440 
on  heliotropism,  432,  437 
on  heliotropic  curvature,  438 
on  plants,  as  affected  by  low  tem- 
perature, a  74 

on  relation  Viet  ween  geotropic  and 
heliotropic  irritability,  498 
Munk,  on  electricity,  320,  334 
Mttntz— 

on  evolution  of  hydr(^en  by  plants, 
309 
on  ferments, 

on  mannite  in  Agarics,  171 
on  nitrification,  129 
Muscinesc,  610,  629 

NaegreU— 

on  absorption  of  acids  by  Fungi, 

ilf.  nil  VJ. 
on  amount  of  absorption  by  cell- 

walls,  38 

on  calcium  in  food  of  Mouldij, 

on  evolution,  657,  680 

on  fat  in  Fungi,  219 

on  formation  of  starch-grains,  iMt 
18^ 

on  growth  of  cell- wall,  1^ 


Haegeli— 

on  growth  by  intussusception,  336 

on  heat  evolved  in  imbibition,  ^ 

on  imbibition,  ^2 

on  lecithin,  131 

on  micellar  tliebry,  ^  ^ 

on  movements  of  Diatoms,  520 

on  nitrogenous  food  of  Fungi,  1 28 

on  organic  substances  as  food  of 

Fungi,  125 

on  plasmolysis,  4^ 

on  potassium  in  food  of  Fungi, 

134 

on  relation  of  growth  to  destructive 
metabolism  in  yeast,  292 

on  starch -grains  in  cnTorophyll-cor- 
puscles,  r£i 

on  strontium  in  food  of  Fungi, 

on  stratification,  17 

on  reproduction,  656 
Narcissus  pseudo-ttarcissus,  diageotro- 

pism  of  nower  heads  of,  463 
Nectar,  246 
Nectary,  loi,  246 

Negative  prepare,  of  gases  in  vessels, 

Nejienthes,  glands  of,  247 
Nephrodium,  bulbils  of,  599 
Nephrolepis,  adventitious  budding  of, 

529 

Ncrvimotility  (Dutrochel),  475 
Nicodaiui  (abaiuin-,  geotropic  curvatures 
of,  466 

Nlipce  de  St  Victor,  on  conversion  of 

starch  into  sugar,  2^ 
Nitella,  heliotropism  of,  428 
Nitrates,  127,  150 
Nitrification,  129 

Nitrogen,  absorption  of,  85^  126  (Fig. 
20),  combinecl ;  sources  of,  128;  com- 
pounds absorbed  by  plants,  127 ; 
losses  of,  129 

Nitrogenous  metabolism  in  plants ;  con- 
structive,  150;  destructive,  a 20 

Nitrogenous  organic  substance,  distri- 
bution of,  165 ;  formation  of,  148 

Nobbe— 

on  chloride  of  potassium,  132 ; 
chlorine,  ij6 

on  distribution  of  roots  in  soil,  52 
on  roots  in  salt-solutions,  ^ 
on  water-culture,  134 
Non-nitrogenous  organic  substance,  for- 
mation of,  140;  conditions  favour- 
able to,  1 47;  distribution  of,  164 ; 
plastic,  216;  waste,  255 
Nostoc,  formation  of  spores  in,  602 
Nothoscordum  fragranst  adventitious 
budding  in,  599 
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Nuclear  fusion,  in  sexual  process,  6^ ; 

between  somatic  cells,  oji 
Nuclein,  27 
Nucleo-idioplxsm,  658 
Nucleolus,  rj,  2^ 

Nucleus,  i6i  composition  of,  i^J 
reticulate  structure  of,  ;  vegetative, 
and  generative,  615,  640 

Nutation,  .^60;  mechanism  of,  58a ;  re- 
volving,^^ (Fig.  41);  simple,  361 ; 
undulating,  568 

Nutrition,  289 

Nyctitropic  movements  (Figs.  58,  52, 
6oli  ^ 

Oat-plants,  analysis  of  (Arendt),  63, 

129;  (Herapatn),  6^ 
Oedogonium,  growth  of  cell-wall  of,  1 1 ; 

rcpro<luction  of  (Fig.  67),  6to 

Oogonium,  60Q 

Oomycetes,  reproduction  of,  618 
Oophore,  628 
Oosphere,  6og 
Oospore,  6oq 

Opening  of  flowers,  378,  400,  403 
Optical  properties  of  organised  bodies, 

33  ;  of  cell-walls,  14  (Figs.  4.  5);  of 

cnTbrophyll  (Plate  ij,  155;  of  cuticu- 

larised  cell- walls,  36 ;  oTcystoliths,  15 ; 

of  starch-grains,  ^  1&2.  (Fig.  22) 
Optimum  light-intensity;  for  growth, 

158;  for  heliotropic  curvature,  499 
Optimum  temperatures,  for  alcoholic 

fermentation,   277 ;    ferment  action, 

277 ;  germination,  277 ;  giovvih,  233 
Opuntia,  metabolism  of,  197,  207,  2^ 
Orchids,  air  roots  of  (Fig.  12).  ^ 
Organic  acids  in  plants,  classification 

of,  225 ;  formation  of,  227 ;  relation 

of,  to  turpidity,  ^j,  2j2,  ^  56^ 

580;  significance  ol^  230 
Orcanic  substance,  distribution  of,  162; 

formation  of,  140.  158 
Organized  bodies,  imbibition  of,  ^jj 

molecular  structure  of,  optical 

properties  of,  ^ 
Organs,  definition  of,  g 
Organs,  anisotropic,  4^4?  bilateral,  422; 

dorsivcniial,  42.^;  isobilaieral,  423  ; 

orthotropic,  424;  plagiotropic,  424 ; 

radial,  422 
Organs,  growing;  structure  and  pro- 
perties of,  338 ;  irritability  of,  375 ; 

tensions  in,  3^ 
Organs,  motile,  ^72  ;  irritability  of, 

5iy ;  structure  oT  (pulvinus),  533, 

(Figs.  £6] 
Organs,  specific  irrit.ibility  of,  374,  497, 

500 

Origin  of  species,  OHq. 


Orthotropic  organs,  ^2^ 

Oscillatoria,  locomotion  of,  520 

Osmometer,  40 

Osmosis  (Fig.  5),  ^  89 

Osmotic  properties  of  cell,  ^9 

Osinotically  active  substances,  41 

Oudemans,  on  absorption  of  oxygen  by 
*^^*>  Zl»  evolution  of  am- 
monia by  germinating  seeds,  2  m 

Ovule  (Fig.  70),  603 

Oxalic  acid,  124,  227 

Oxalis  acctosella^  pulvinus,  533 ;  in- 
fluence of  light  on  leaves  of,  538 ; 
effect  of  variation  of  temperature  on, 
•;44 ;  sjwntaneous  movement,  537 

Oxalis,  heterostylism  of,  647 

Oxalis  sensitiva,  irritability  of,  545 

Oxygen,  in  food,  126 

absorption  of,  by  plants  (Figs.  1^, 

HQ 

exhalation  of,  by  green  plants,  143 
relation  of  to  metabolism,  202, 
aiij  to  growth,  292,  332 ;  to  move- 
ments, of  motile  organs,  537  ;  of  or- 
ganisms, 236,  £2J 

Pallisade-parenchyma,         (Fig.  13). 

384.  5^ 
Palm,  on  twining  stems,  508 

Pandorina,  locomotion  of,  520;  germi- 
nation of  zygospore  of,  627 
Pangenesis,  theory  of,  653 
Papain,  analysis  of,  189 
Parnheliotropism,  55 1 
Paranucleolus,  639,  664 
Paratonic  influence  of  light,  380.  573 
Parthenogenesis,  605,  636;  male,  674 
Passi flora  gracilis ^   tendrils  of,  484, 

Pastenr — 

on  absorption  of  oxygen  by  Fungi, 

on  aerobiotic  plants,  zix 

on  alcoholic  fermentation,  194,  208, 

211 

on  effect  of  high  temperature  on 
spores,  282 

on  relation  of  growth  to  destructive 
raetal)olism,  292 

Pa^itcur's  solution,  j 

Pauchon,  on  absorption  of  oxygen  by 
iscctUings  in  light,  260 

Payen,  on  diastatic  ferments,  189 ;  on 
geotropism,  4«>4 

Payer,  on  heliotropic  effect  of  raj-s 
of  different  wave-length,  433 

Pectose  in  fruits,  etc.,  iB 

Pedersen— 

on  effect  of  variations  of  tempera- 
ture on  growth,  378 
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Pedersen — 

on  evolution  of  carl>on  dioxide  by 
liarley  seedlings, 
Pntium  curtttm,  phototoxis  of,  535 
Peptic  ferments, 
Peptones,  1^ 

^dval,  on  relation  of  amount  of  carbon 

dioxide  to  nutrition,  7^ 
Perennials,  597 

Periodicity  of  growth  (Fig.  45),  3^6, 
401;  of  hcal-evolution  in  oj>enmg 
flowers,  31 1 ;  of  movements  in  motile 
leaves,  54^^ ;  of  root-pressure,  25 ;  of 
tissue-tensions,  405  ;  of  transpiration, 

Periplasm,  61Q 
Perisperm,  170 
Perithecium,  6a-; 

Peronosporca; ;  life-history  of,  634 ;  rc- 

prcKiuction  of,  60 (yps^ 
Fersoz,  on  diastatic  tcrmcots,  189 
Peters,  on  analysis  of  Pumpkm  seeds, 

Petiole,  clasping  of  Solatium  jasminotdcs 

(Fig.  46),  £11 
Petzold,  on  tannic  acid,  135 
Pfaundler,  on  definition  of  protoplasm, 

Pfeflfer — 

on  asparagin  in  lupin  seeds,  i^i 

on  destructive  metabolism,  1(4^ 

on  direction  of  movement  of  Plas- 
modia, 5_2^ 

on  induction  of  dorsiventrality  in 
gemma:  of  Marchantia,  416 

on  the  effect  of  chemical  stimuli  on 
movement  of  antherozoids,  etc.,  539 

on  the  effect  of  germination  on 
alcurone-grains, 

on  evolution  ofoxygen, 

on  globoid,  18^ 

on  motile  organs,  396 

on  movement  of  Mimosa,  .^.^7.  541, 
SMi  hVii  5^  569;  of  Oxalis,  538, 
544;  oTstamens of Cynarene,  5^  5^ 

on  ojiening  and  closing  of  flowers, 
il^i 

on  osmosis,  ^ 

on  rays  of  spectrum  which  decom- 
pose carbon  dioxide,  156.  354 

on  relative  turgidity  of  etiolated 
and  normal  shoots, 

on  starch-distribution,  16^ 

on  structure  of  stamens  of  Cynareae, 

on  sugar  and  amides  in  growing 
point,  112 

on  transmission  of  stimulus  in 
Mimosa,  584 
PfeltTer,  on  formula  of  starch,  183 


Pfitzer — 

on  movements  of  Diatoms,  fio 

on  silicon  in  plants,  1^ 
Pfliiger — 

on  intra-molecular  heat,  302 

on  intra-molecular  oxygen,  303 

on  luminosity,  317,  318 

on  metabolic  activity,  26^ 

on  reprotluction,  661 

on   self-decomposition    of  proto- 
plasm, 

on  stimulation,  301 

on  structure  of  protoplasmic  mole- 
cule, 160 
Phxosporeai,  reproduction  of,  r>QM 
Phanerogams,  endosperm,  170;  forma- 
tion of  see<l,  630;  life-history  of,  620 ; 
reproduction  of  (Figs.  70^  ^ii  Z£i  7")> 
603.  615,  643 
Phillip,  on  absorption  of  metallic  oxides 

by  plants,  1 11 
Phlobaphcnes,  338 
Phloridzin,  3^,  23.S 
Phloroglucin,  335 
Phosphorescence,  316 
Phosphorus,  in  food  of  plants,  131 ;  effect 

of,  on  metnbolism,  1 33 
Photochemical  iuUucliun,  363 
Photoepinasty,  ^  44.^ 
Photohyponasty,  38^ 
Photomechanical  induction,  435 
Phototaxis,  535 
Phototonus,  380,  513,  573 
Phycochromacex,  reproduction  of,  604 
Phycocyajiiu,  243 
Phycoerythrin,  242 

Phycomyces,  growth  of  hypha  (Fig.  43), 
395 ;  life-history  of,  634 ;  thermo- 
tropism of,  434 

Phycoxanthin,  242 

Phylloxanthin,  266 

Phytop'iilu  ra  in/tstatis,  60 «> 

Phytophthora  omntvora^  life-history  of, 

Pierre,  on  ash  of  Brassica  oUracta,  Gi 
Pilobolus,  heliotropism  of,  43H 
Pinguicula,  glands  of,  347;  movement 

of  leaf  of,  ^  i>47 
Pluot,  on  geotropism,  454 
Plagiotropic  organs,  434 
Plagiotropism,  tot 
Planogametes,  607 
Plant,  analysis  of,  lh 
Plant-cell  (Fig.  13 
Plant -movementsnjiological  significance 

of,  s82 

Plant ;  income  and  expenditure  of,  327; 
life-history  of, 

Plants;  reproduction  of,  597 ;  tempera- 
ture of,  ^ 
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Plasmodia  of  Myxomycetes,  519,  527; 
chemistry  of,  ;  influence  on  move- 
ment of,  heat,  518;  li^t,  «ia8;  solu- 
tions, 5^9 

Plasmolysis  (Fig.  2)j  33,  44 

Plastic  products,  138,  ii6j  nsc  of,  i77 

Plastin,  2^ 

Pleurotammm,  phototaxis  of,  gag 
Poggrloll,  on  heiiotropic  effect  of  rays  of 

different  wave-length,  433 
PoM,  on  movements  of  Mimosa,  535 
Poisoning  of  plants,  lu 
Polar  body,  O40, 6^ 
Pollen-grain,  603 
Pollai>sac,  603 
Pollen-tube,  6r5 
Pollination,  eHect  of, 
PoUinodium,  61Q 

Polyembryony7o22 

Folyphaf^s  EugUna^  phototaxis  of, 

Polysligma,  reproduction  of,  633;  life- 

history  of,  634 
Poppy,  pendent  position  of  heads,  455 ; 

reversal  of  geotropic  properties  of,  459 
Porlieria  hygrometrica^  effect  of  drought 

on  movements  of^  549 
Position,  pendent,  of  flower-heads,  342, 

45  ■> 

Potassium  in  food  of  plants  (Fig 

Potatoes,  ash-analysis,  by  Herapath,  ^ 
Potency,  relative  of  parents,  650;  of 

pollen,  648 
Potential  energy,  aSS 
Pott,  on  formation  of  nitrogenous  oiganic 

substance  in  plants,  149 
Pouillet,  on  heat  evolved  in  imbibition, 

Prantl,  on  growth  of  leaves,  381,  383, 
.^95 

Prazmowskl,  on  Ciostridiutn  butyricum^ 

Pressure,  effect  of,  on  growth,  410 

Pressure,  atmospheric,  relation  to  plant- 
life,  i± 

Priestly — 

on  absorption,  of  carbon  dioxide  by 
green  plants,  81 ;  of  nitrogen  by  plants, 
84;  of  oxygen  by  plants,  iju.  ^ 
dephlogistication  of  air,  140 

Prlllleux,  on  imperfect  elasticity  of 
growing  organs, 

Primary  root,  419;  shoot,  419 

Primordial  cells,  oj  utricle,  13,  13^  39; 
osmotic  properties  of,  ^ 

Primula,  glandular  hairs  of  (Fig.  32), 
145;  heterostylisra  in,  647 

Prlng^helm — 

on  chlorophyll-corpuscles  (Fig. 
153 


Prlngshelm— 

on  circulation  of  protoplasm,  514 

on  composition  of  chlorophyll,  154 

on  formation  of  cell-wall, 

on  hypochlorin,  1^ 

on  loss  of  colour  by  chlorophyll- 
corpuscles  when  exposed  to  intense 
light,  ifid 

on  oil  drops  in  Vaucktria  sessilts^  1^ 

on  reproduction  of  Saprolegnie<e, 
6ao> 665 

on  theory  of  function  of  chlorophyll, 
157. 

on  xanthophyll,  341 
Procarpium,  614 
Proembryo  of  Characex,  633 
Proembr\'onic  branches  of  Chara,  599 
Promycelium,  634 

Pronucleus,  male  and  female  (Figs.  71, 

Zi,  76),  612,  6^ 
Propagula  of  t  lorideaj,  599 
Proper  angle,  431 

Proteids,  3^  331 ;  as  reserve-materials, 

171 ;  formation  of,  148 
Proterandrousand  protcrogynousflowers, 

Prothallium,  639 

Protococcace:e,  reproduction  of,  604 
Protococcus,  ij  6q2 

Protomyces,  conjugation  of,  fiiS;  spores 

of,  637 
Protonema,  639 

Protoplasm,  1.33;  automatism  of,  ^,301 ; 
composition  of,  2^ ;  conduction  of 
stimuli  by,  374. 584  ;  continuity  of, 
374  (Fig.  64)7  -^-^hi  contractility  of, 
Zi  557»  568;  decomposition  of  to  form 
starch,  145,  i8o^  317 ;  difference  be- 
tween living  and  dead,  160;  ecto- 
plasm, 33 ;  enchylema  (Hanstein)  35; 
endoplasm,  7^ ;  fermentative  action  ol7 
195 ;  fundamental  properties  of,  6  ; 
influence  of  light  on  motility  of,  576 ; 
irritability  of,  7^  301.  37 1,  5>o ;  me- 
taplasm,  3j[ ;  microsomala,  i^^ ;  mo- 
tility of,  32I1  408,  568;  pnmordial 
utricle,  3^;  reticulate  structure  of, 
34;  rotation  of,  397,531 ;  self-decom- 
position of,  188,  304 ;  streaming  of, 

Protoplxsmic  molecule,  160 
PseudojXKlium,  516 
Puccima  Graminis^  life-history  of,  635 
Pnifli,  on  absorption  of  nitrogen  by 

plants,  Sfj  i_2n 
Pulsating  vacuoles,  396,  sot 
Pulvinus,  533;  estimation  of  rigidity  of, 

560;  mechanism  of  movements  of, 

561 ;  of  Mimosa  pudua  (Figs.  55, 

56).  534 
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Punctum  vfgetationis,  t^j,^,  419 
Pycnidia,  604 

Pyrenomycctes,  67% 
Pyrocatechin,  128 

Pyromma  (Frziza)  conflttaiSy  reproduc- 
tion of,  6ij 
Pythiutn,  reprwlnction  of  (Fig.  7^),  619 
lythitim  into  lit cdiHtn,  6oj; 
lythium  proliferum,  life-history  of,  634 

Quassiin, 

Radial  oi^n«5,  412 

Radicles  irrilabHTty  of,  49J 

Radlkofer,  on  crystalloids  in  Lathrtta 
sipiamaria^  171 

Rameaox,  on  loss  of  heat  in  transpira- 
tion, 313 

RaiUce,  on  electrical  condition  of  plants, 

.pp.  ^ 
Raphe  of  Diatom-frustulc,  520 
Raphidcs,  19 

Rantenberg,  on  chemical  action  of  roots 

(»n  >»>lutioi;s,  56 
Eauwenhoff — 

on  absorption  of  carbon  dioxide  by 
plants,  Si 

on  absorption  of  ox)^en  by  seeds, 

n 

on  direction  of  growth  in  darkness 
and  in  light,  ^41 
on  etiolation, 

on  etiolatetl  shoots,  387,  391 
on  evolution  of  ammonia  by  ger- 
minating seetls,  210 

on  growth  of  leaves  in  darkness, 

381  . 

on  influence  of  light  on  growth,  396 
Receptive  spot,  609 
▼on  Rechenberg  — 

on  fatty  acids  in  seeds,  190,  no 
Rectipctaliiy,  418 
BeM,  on  tyloses,  3^  (Fig.  40) 
Relnke — 

on  glycogen  in  y1'>thalium,  i^J 

on  imbibition,  ^ 

on  lecithin,  1^ 

on  plxstin, 

on  xanthin,  ill 
Relation  of  offspring  to  the  two  parents, 
650 

Bflnard,  on  formation  of  sugar  from  tri- 

oxymethylene,  144 
Reprotluclion,  61  597  ;    sexual,  600 ; 

spore-,  5^;  vegetative,  557;  theo- 

nes  of,  653 
Reproduction  in,  Algne  (Figs,  6^  66^ 

67,  69),  605,  6n ;  in  Angiospcrms, 

(Figs.  70,  7^  61^  643;  in  Fungi 


(Figs.  72.  7^  7^  617;  in  Gymno- 
s|>erms  (Figs.  7^  76),  615,  643 ;  in 

Fh.inero):;ams.  6oj,  6rf .  640.^43 
Reproductive  cells,  597 ;  organs,  601 ; 

substance,  660 
Reserve  materials,  140,  1 70 
Resin-duct,  structure  of  (Fig.  31),  ^45 
Rcsin-grains,  132 
Resins,  236 

Respiration,  195 ;  relation  of,  to  growth, 

295,  369;  to  movement,  297 

vniluence  on,  of  absorbed  salts,  102; 

of  reserve- materials,  204 ;  of  tem- 

f>erature,  198 
Reversal  of  dTreclion  of  tocsion,  j;i6; 

of  twining, 
Reversion,  652 
Revolving  nutation,  361 
Rheotropism,  473,  528 
Rhizomes,  diageotropism  of,  463 
Richter,  on  refraction  of  crystoliihs,  22 
Ricinus,  aleurouc -grains  erf  (Fig.  29), 

Ringing  experiment';,  97,  t6q  (Fig.  2f) 
de  la  Rive,  on  conductivity  of  wood,  316 
Rischawl— 

on  evolution  of  carbon  dioxide  by 
wheat -sce<nings,  199.  loi 

on  optimum  teiupcraiure  of  growth, 

Robinla,  paraheliotropism  of,  551,  593 

Bodewald,  on  xanthin,  ^^\ 

Root,  structure  of  (1*  ig.  20),  g^j  aerial 

(Fig.  r2),  50J  parasitic, 
Root-nairs  (Figs.  lOj  1 1),  46;  acidity 

of,  £5 

Root-pressure,  90 ;  daily  periodicity  of. 

Root-tip,  localisation  of  irritability  in, 
i68,  474,  472 

Roots,  absorption  by,  ^ ;  Darwinian 
cim^ture  of,  492;  dccapitateil,  cur- 
vatures in,  468,  492 ;  distribution  of, 
in  soil,  5j  ;  external  directive  influ- 
ences on  growth  of,  500  ;  geotropism 
of,  458 ;  neliotropism  of,  428 ;  hydro- 
tropism of,  477 ;  proper  angle  of 
lateral,  421 

Bosanoff,  on  direction  of  movements  of 


plasmotHa, 


522 

BoBOoe,  on  photochemical  induction, 

Rostaflnakl,  on  Botrydium,  607 
Rotation  of  protoplasm,  197,  521,  558 
Ruberythric  acid,  238 
Riunpf,  on  phosphorescence,  317 
Bussow,  on  continuity  of  protoplasm, 

RzentkowBlE7t  on  growth  of  leaves  in 
darkness,  382 
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SachB — 

on  absorption :  of  ammonia  by 
leaves,  8ji;  of  insoluble  substances 
by  roots  (Figs.  10,11)^  ^  of  water 
by  aerial  roots,  50^  of  water  by 
roots,  52 

on  anisotropic  organs,  41^ 

on  cystoliths,  72 

on  distribution  of  roots  in  soil,  5^ 
on  etiolation,  385 

on  geotropism  :  action  of  gravity  at 
different  angles,  459;  curvature,  465 ; 
of  lateral  roots,  4^^ ;  positive  of 
rhizomes,  458 

on  growth  :  daily  period  of  <Fig. 
lil?  401  ;  grand  period  of,  355 ;  of 
graAj>-ljaulms,  333 ;  in  length,  338; 
irregularities  in  rate  of,  358 

on  growing  organs :  influence  of 
decapitation  on  roots,  468 ;  of  light 
on,  393 ;  of  pressure  on,  410;  physical 
properties  of,  ^41 ;  tensions  in,  343 

on  heliotropism :  influence  of  di- 
rection  of  incident  rays,  43^ ;  of 
leaves,  444;  on  n^^tive  of  March- 
antia,  reversal  of  heliotropic 

properties,  429 

on  hydrotropism,  ^jj 

on  imbibition,  38- 

on  induction  of  dorsiventrality  by 
light, 

on  metabolism :  distribution  of  or- 
ganic substances,  163*  164,  i^^>.  188 ; 
formation  of  chlorophyll,  156,  16 a. 
a 70;  formation  of  colouring  matters 
of  flowers  in  darkness,  267;  germi- 
nation of  oily  seeds,  i^ijof  growing 
point,  177 ;  inllucnce  of  light  on 
chlorophyll-function,  2f8;  loss  of 
weight  in  darkness,  a.i>3;  oxidation  of 
chlorophyll,  164.  266 ;  silicon  in  food, 
137 ;  starch-grains  in  chlorophyll- 
corpuscles,  141 ;  tannin,  135,  237 

on  movement :  of  chlorophyTTcor- 
puscles,  517;  of  Mimosa;  effect  of 
darkness  on,  549;  effect  of  drought 
oHt  538,  549;  influence  of  light  on, 
539 ;  persistence  of,  in  darkness,  544 

on  normally  etiolated  shoots,  38^ 

on  phototonus,  380 

on  proper  angle  of  lateral  roots,  ^  t 

on  soil:  hygroscopic  water  in,  48; 
relation  of  root  hairs  to  (Figs.  10,  11), 
42  i  retention  of  water  hy,  48 

on  somatotropism,  ^Jl^^^'  £^ 

on  temperature :  death  causea  by 
high,  278;  by  low,  223;  relation  of, 
to  decomposition  of  carbon  dioxide, 
171 ;  to  formation  of  chlorophyll,  270; 
to  germination,  277  ;  to  growth,  294; 


Badhs — 

to  movements  of  motile  leaves,  7<j^ : 
to  rotation  of  protoplasm,  2^ 
on  torsion,  ^ 

on  transmission  of  stimuli  in  Mi- 
mosa, £83 

on  transpiration:  affected  by  sub- 
stances absorbed  by  roots,  im;  af- 
fected by  temperature  of  soil,  109; 
loss  of  water  by,  104;  periodicity  of, 
114;  relation  of,  to  absorption,  115 

on  transpiration-current ;  pro|>cr- 
ties  of  lignified  cell-walls,  2ij  97 ; 
rate  of,  $<^;  theory  of,  92 

on  twining  of  tendrils,  489 
Sachsse— 

on  absorption  of  oxygen  during 
germination,  205 

on  conversion  of  chlorophyll  into 
starch, 

on  conversion  of  starch  into  etio- 
lin,  241 
on  starch,  183 

on  loss  ofweight  during  germi- 
nation, 204 
Sadebeck,  on  vegetative  apogamy,  6ot 

Saltciu,  234 

Salicylous  acid,  235 

Salif^cnin,  255 

Salomon,  on  xnnthin.  2_u 

Saltatury  evolution,  GUi 

Salts,  absorption  of,  ^ 

Sar'if'itcus  nigra^  lenticel  of  (Fig.  14),  71 

Sanderson — 

on  electrical  condition  of  Dionoea, 

on  loss  of  irritability  in  Dionoea 
due  to  fatigue,  550 
Sanlo,  on  starch  as  reserve-material,  1 2 1 
Santonin,  2^ 

Saprolegniea;,  parthenogenesis  in,  665  ; 

reproduction  of,  619 
Sarracenia,  pitcher  of,  247 
de  B&nssure — 

on  al>i»orplion  of  carbon  dioxide  by 
plants,  81;  of  nitrogen,  85 

on  absorption  of  oxygen,  by  flowers, 
77;  by  leaves,  2fii  hy  plants,  179; 
by  roots,  78 ;  by  seeds,  22 
on  absorption  by  roots,  ^ 
on  dephloi^stication  of  air,  r4_i 
on  destructive  metabolisn^,  292 
on  effect  of  carbon  dioxide  on  life, 

11 

on  effect  of  oxygen  on  life,  25j  2xr 
on  evolution  ot  oxygen,  141 
on  exhalation  of  carlx>n  dioxide  by 
germinating  seeds,  198 

on  exhalation  of  oxygen  in  light. 
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de  Saussnre — 

on  exhalation  of  watery  vapour  by 
plants, 

on  formation  of  non-nitrogenous 
organic  substances  in  plants, 

on  germination  of  oily  seeds,  10^ 

on  Opuntia,  207 

on  potash  in  plants, 

on  respiration  of  flowers, 

on  temperature  of  flowers,  .^14 

on  temperature  of  spadix,  305 
de  SausBuro  B  law  of  absorption,  57 
Saxi/raga  crusiata^  water -gland  of  (Fig. 

i9)»  9i 

Bchachlr  on  starch  in  growing  cells, 

ill 

Scheele,  on  absorption  of  oxygen  by 
plants,  25 

Scheibler,  on  asparagin  in  beet-root,  121 

Schell,  on  tannin,  337 

ScliUnper— 

on  aggregation,  ^ 
on  formation  of  starch-grains,  145,, 
f8o,  i8i.  i8a.  117 

on  formation  of  chlorophyll-cor- 
puscles, 

on  geotropism  of  roots  of  Epi- 
phytes, ^ 

on  proteid  crystalloids,  ^5 
Schlndler,  on  effect  of  high  temi>e- 

raturc  on  spores,  183 
Schizomycetes,  metabolism  of,  13^  ai  i ; 

reproduction  of,  601,  604 
BchlSslng— 

on  absorption  of  ammonia  by  plants, 
86 

on  nitrification,  1^9 

on    ph^'siolc^icaT^significance  of 
transpiration,  12^ 
Schmidt,  on  emulsm,  189 
Schmiedeberg,  on  proteid  crystals,  171 
Sciuiiltz — 

on  formation  of  cellulose,  117 

on  formation  of  cell-wall,  i6j 

on  formation  of  proteid  in  plant- 
celk, 

on  microsomata,  ifi 

on  nuclear  division,  « 

on  the  oogonium  of  Peronosporeae, 

on  stnicture  of  protoplasm,  ^ 
Schmoeger — 

on  absorption  of  acids  by  roots, 

on  carbon  supplied  to  plants  by 
organic  acids,  125 
Schdnbeln,  on  oxidation  of  ammonia, 

128 

Sdiroder,  on  composition  of  sap,  ^ 


Schultie — 

on  movement!?  of  Diatoms,  510 
on  rotation  of  protoplasm, 

Bchiils,  on  evolution  of  ammonia  by 
germinating  seeds,  no 

Bchulze — 

on  allantoin,  xu 
on  distribution  of  proteids,  16^ 
on  glutamin  in  l)CCtrorjt,  ijw 
on  glulauiin  in  pumpkin  s»eeds,  174 
on  nitrates  in  plants, 
on  phenylamido-propionic  acid,  lii 
on  sugar  and  amides  in  growing- 
point,  177 
on  sulphates  in  germinating  seeds, 

on  xanthin-group,  2j2J 
S^umacher,  on  effect  of  low  tempera- 
tures on  Schizomycetes,  172 
Bchfitzenberger— 

on  decomjx)sition  of  fats,  173 

on  ferments,  190 

on  germination  at  low  temperature, 
on  xanthin,  2U 

on  effect  of  high  temperature  on 

yea^t,  179 
Schwarz,  on  influence  of  gravity  on 

rate  of  growth,  410 
Bidiwendener,  on  twininfj  stems,  5  ro 
ScUrotmia  FuckdiaiM^  life-hlslory  of, 

634 

Scutellum,  178 

Scyphanthus  elegans,  reversal  of  twining 
in,  517 

Scytosiphon,  reproduction  of,  608 
Seed,    170;  albuminous,    170;  exal- 

buminous,  170;  generations  in,  6^0; 

germination  of,  1 72 ;  reserve  materials 

in,  169 
Sced-vanation,  6£2 

Seeds  and  seedlings,  comparative  analy- 
sis  of,  ij^ 

Self-fertilisation,  6^ 

Sempervivum,  calcium  oxalate  in  cell- 
walls  of,  22 

on  absorption  of  carbon  dioxide 
by  growing  plants,  81 
on  absorption  of  nitrogen  by  plants, 

on  dcphlogistication  of  air,  yj 
on  destructive  metabolism,  lOf 
of  evolution  of  heat  during ifcwer- 
ing,  304 

on  growth  of  leaves  in  darkness, 

on  transpiration,  as  affected  by 
substances  absorbed  by  roots,  i  iq 
on  xanthophyll,  266,  267 
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Sensitive  plant,  ^2  (sec  Mimosa 
pudica) 

Sensitiveness  of  motile  organs, 
Seta,  6ao 
Sexual  affinity, 

Sexual  process;  (^\^  643 ;  in  Algae, 
606 ;  in  Archeponiata,  610;  in  Con- 
jugatae,  6n ;  in  Florideae,  613;  in 

Funjji,  617;  in  Phanerogams,  615 
Sexuality  of  plants,  dcgcncralioix  of, 
605,  Q18,  6ao,  633 ;  development  of, 

Shoots;  external  directive  influences  on 
growth  of,  497;  on  normally  etiolated, 
385 ;  on  structure  of  etiolated  (Fig. 

Skyos  angulatus^  tendrils  of,  484 

Sieve-tubes  (Fig.  33),  la.  167 

Silica,  in  cell-walls,  21  ;  in  plants,  di 

Silicon,  in  food,  137 

SUphium  laciniatum^  fixed  light-posi- 
tion of,  446 

Simple  nutation,  361 

Siphonea.-,  reproduction  of,  607 

Sirogonium  stuticum^  reproduction  of, 
643 

Sleep-movements,  539;  tracing  of 
\^Av«rhoa  bilimbi)  (Fig  58J,  540;  of 
Hedysarum  [Desmodium)  gyram^ 
(Fig.  60),  541 ;  of  Mimosa  pudica 

(Fig.  5^  ill 
Sodium,  in  food,  1^ 
Soil ;  condensation  of  aqueous  vapour 

l>y»  48;  hyjiroscopic  water  of,  ^; 

retention  of  soluble  salts  by,  49 
Solanum  dulcamara,  twining  0^5 1 3 
Solanttm  jasminoideSf  clasping  of  pe- 
tiole of  (Fig.  46ii  4T3 
Solms  Laubadi,  on   reproduction  of 

Corallinese,  6lf 
Somatic  cells,  597 
Somatotropism  (Fig.  52).  475 
Sonchm  arvensis,  changes  in  light- 

pmition  of,  430 
Sorauer — 

on  calcium  oxalate  in  plants,  3^ 
on  relation    between   supply  of 

water  and  growth,  335 
Sorby— 

on  the  composition  of  chlorophyll, 
154 

on  erythrophyll,  367 
Soredia,  of  Licnens,  599 
Sowinsky,  on  conductivity  of  wood, 

Bpallanzani,  on  somatotropism,  475 
Sparmannia,  movement  ot  stamens  of. 

Specific  absorbent  capacity,  6^ 
Specific  irritability,  374 


Sperroatia,  531,  614  (Fig.  zali  6a3 

Sperm  ogonia,  613  • 
Sphacelaria,  gemmae  of,  599 
Spiral  growth,  509 

Spirogyra,  conjugation  of  (Fig.  6<»), 
61  a ;  contraction  of  protoplasm  in, 
567;  streaming  of  protoplasm  in,  5^4 

Spontaneous  heterauxesis,  376 

Spontaneous  movements;  conditions  of, 
5.i7  ;  inUibiliun  of,  bv  light,  544  ;  of 
growing  organs,  300;  of  mature 
f)rgans,  531 

Sporangiferous  leaves,  604 

Sporangium,  60Q 

Spore :  germination  of,  6a6;  reproduc- 
tion, 597  ;  structure  of,  ^qq 
Spores,  ditTereiil  kinds  of,  602 
Sporogonium,  639 
Sporophore,  fiis 
StaU— 

on  Compass-plants,  446 

on  direction  of  growth  of  Vaucheria, 
in  light,  441 

on  fixed  light- positions  of  leaves, 

on  geotrojiisra  of  rhizomes,  501 
on  movements ;  of  chlorophyll -cor- 
puscles (Fig.  36),  392,  «^  ivn  of 
Desmids,  5 to ;  of  Plasmodia,  5  28 
on  reproduction  of  Lichens,  62a 

(Fig.  lii 
on  structure  of  leaves,  38^ 
Stamens,  604 

Starch,  conversion  of  into  sugar  (Fig. 
a8),  183,  191;  formation  of,  145,  147, 

180,  217 

Starch-cellulose,  182  (Fi*j.  28) 

Starch- foraging  corpuscles  (amyloplasts) 
(Fig.  36)4  180 

Starch-grains,  growth  of  (Fig.  36),  \SlL\ 
optical  properties  of,  3^5  (Fig.  -27), 
182 ;  stratification  of,  181 ;  striation 
of,  ifii ;  structure  of,  35,  179 

Stebler,  on  growth  in  lengtHw  leaves, 

340 

Stereoplasma,  656 

Stcrigmata,  623 

Stimulating  efiect  of  contact,  484 ;  of 
gravity,  458 :  of  heat,  377;  oThght, 
^99^  400»  43S.  576;  of  pressure,  41 » 

Stimulation,  301,  ^71 

Stimuli,  trau:>uui>i>ion  of,  374,  438,  468, 

4lli  1^  s8a 
Stohnmnn,  on  retention  of  salts  by  soil, 

Stokes,  on  chlorophyll,  154 
Stoma ta,  70 j_  effect  on  transpiration, 
1^7:  mechani<;m  of  movements,  107 
Stomatal  transpiration,  loj  — ^ 
"Stossweise  Aendcrungen,"  358.  375 
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Straaborger — 

on  adventitious  budding  in  embryo- 
sac,  £22 

on  branching  of  Cladophora,  349 

on  ciliary  movement, 

on  direction  of  movement  of  zoo- 
spores, £a6 

of  Plasmodia,  522 

on  division  of  nucleus, 

on  the  extrusion  of  the  paranucle* 
olus,  632 

on  the  extrusion  of  the  polar  body, 

on  formation  of  cellulose,  145,  217 
on  formation  of  cell-wall,  15,  ~io. 

on  formation  of  proteids, 
on  formation  of  starch,  317 
on  germination  of  pollen-grains, 
615.  640 
on  growth  by  apposition,  336 
on  growth  without  turgid ity, 

;        on  imbibition,  ^ 

]        on  micellar  theory,  ^ 

\        on  microsomata,  2^ 

]        on  movement  of  zoospores,  523,  52^ 

'        on  optical  properties  of  organ i sea 

[     bodies,  ^ 

»       on  osmosis,  ^ 

on  physiological  equivalence  of 
gametes,  659 

on  sexual  process  in  Phanerogams, 
6161  64^  62^  (Figs.  jOj^li^l^l^ 

'        on  sieve  tubes,  162 

on  starch-grains,  optical  properties 

'     of,  18^ 

:        on  stratification,  12 

on  structure  of  starch-grains,  179 
on  structure  of  protoplasm,  24 
on  theory  of  reproduction,  658 
on  thickening  of  the  cell- wall,  22i 
on  vegetative  cell  in  microspore  of 
Vascular  Cryptogams,  640 
Strahl,  on  retarding  influence  of  light 

on  growth,  ^ 
Slrize  on  stems  353 
Strave,  on  silica  in  cell-wall,  u 
Stutser,  on  organic  acids  as  carbonaceous 
food,  125 

Stylidium  adnatunty  movement  of  g)mo- 

stemium  of,  536 
Suberin,  r8 

Substratum,  influence  of,  on  direction  of 
,      growth,  474 
]  Succinic  8^37  lifl 

\  Sugar  and  allies,  iS;  as  reserve  material, 
171 ;  formation  from  starch,  164,  191 
O'Solllyan,  on  action  of  diastatic  la- 
ment, 191 

^  Sulphur  in  food, 
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Suspensor,  function  of,  178 

Swelling  up  of  organised  bodies,  ^  J2 

Synergidw  (Fig.  20)^  615 

TSkngl,  on  continuity  of  protoplasm,  2i 
Tannic  acid,  235 
Tannin,  232,  ■234 

Taraxacum  oJuinaUy  heliotropism  of, 

TatitplisstuB,  on  eflect  of  low  temperature 

on  seeds,  274 
Taxinea?,  calcium  oxalate  in  bast  fibres, 

in. 

Telegraph  plant  (see  Desmodium  gyrans) 
Teleutospores,  603 

Temperature,  influence  of,  on  absorbent 
activity  of  roots,  52^  276;  on  absorp- 
tion of  oxygen,  270;  on  evolution  of 
carbon  dioxide,  199,  271 ;  on  evolution 
of  oxygen,  2  76 ;  on  ferment -action, 
192 ;  on  formation  of  chlorophyll, 
271 ;  on  germination  of  seeds,  209; 
of  spores  of  Fungi,  270;  on  growth, 
293,  376,  402,  577;  on  luminosity  of 
plants,  318;  on  metabolic  activity, 
^69,  275 ;  on  movements  of  motile 
organs,  222f  hlh  544?  on  opening  of 
flowers,  ^78;  on  respiration,  198, 
170;  on  tissue-tensions,  406;  on  tran- 
spiration, 108 ;  on  unorfjanised  fer- 
ments, 270;  on  variations  in  bulk,  408 

variations  of,  as  stimuli,  on  growth, 
378  ;  on  movement,  544 

high,  effect  of,  278;  low,  effect  of, 
272 

Temperatures;  ofgerminatingseeds(Fig. 
3  7 1  3«^4 ;  of  opening  flowers  (Fig.  38), 
306;  of  plants,  313;  of  trees,  315 

Tendril  of  Vitis  (tig.  ^ 

Tendrils,  coiling  of,  487 ;  growth  on 
contact,  485 

Tensions,  in  organs,  343;  cause  of 
annual  rings,  3^  1 ;  cause  of  strijc  on 
stems,  353 ;  daily  periotl  of,  405 ;  in- 
fluence oiTon  growth  of  cells,  348 

Tentacles  of  Drosera,  aggregation  in, 
564;  stimulation  of,  547 

Terebenthene,  2^ 

Tetrachytrium,  conjugation  in,  618 

Tetraphis  pdlucida^  gcmaiic  of,  599 

Tetraspores,  603 

Theca,  629 

Thermotonus,  377 

Thermotropism,  434;  of  plasmodia,  528 

van  Tieghem — 

on  crystals  on  Mucorini,  itj 
on  the  embryo  artificially  nourished, 
'79 

on  proteid  crystalloids,  ^ 
on  thermotropism,  434 
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Tlmlriazeff,  on  theory  of  chlorophyll- 
function,  156,  254.  ?57 
Tip  of  root,  irritability  of,  467,  474, 

479.  491 
Tissue,  oennition  of,  10 
Tissue-tensions,  342,  405 
Todta  Africana,  apogamy  of,  601 
ToUens,  on  acrylcolloid,  31 
Tonic  influence,  371 ;  of  neat  (thermo- 

tonus),  377,  ^21?  of  light  (phototonus), 

380,  ^  su 
Torsion,  353,  510;  homodromous,  515; 

antidromous, 
Torus,  6r5 

C.  de  la  Tour,  on  effect  of  low  tempera- 
ture on  yeast,  17a 
Traction,  effect  on  growth,  349,  ^13 
Tradescantia,  hairs  of,  streaming  of 


protoplasm  in,  797,  534 

t,  fight-i 


Tragopogon  orientale^  light-position  of, 


Transpiration,  jl.  io3>  576;  relation  of, 
to  absorptionby  roots  of  salts  and 
water,  110,  115;  to  growth,  576;  to 
humidity  of  air,  108;  to  light,  109, 
576;  to  mechanical  disturbances,  112. 
576;  to  negative  pressure,  117;  to 
temperature  of  air,  lofi ;  to  tempera- 
ture of  soil,  109;  to  tissue-tensions, 
406;  to  age  of  leaf,  lo^ 
Transpiration  -  current,    96;  passage 

through  wood,  97 ;  rate  of,  ioq 
Traube,  on  artificml  cells,  ^ 
Treub — 

on  embryo  of  Orchids,  i;[8 
on  hook  climbers,  ^11 
Trevlranus,  on  erythrophyll,  iMl 
Trlnchinetti,  on  absorption  of  salts  by 

water-plants,  60 
Tropaolum  majus^  dorsiventrality  of, 

4^5>  429 

Tubes  corpusculiferes  (Dutrochet),  586 
Tulasne,  on  reproduction  of  Pyronema 

(Teziza),  doj 
Turgidity,  40;  daily  period  of,  569; 

factors  of,  4^,  56a;  recovery  of,  567; 

relations  olTto  growth,  33^,  34a; 

relation  to  tissue  tensions,  406 
of  etiolated  intemodes,  391 
Tussilago  farfara^  pendent  position  of 

buds,  4^ ;  change  in  geotropism  of, 

Twmmg,  causes  of,  508;  direction  of, 

Twinmg  stems  (Fig.  5^  516;  irrita- 
bility of,  511 
Tyloses  (Fig.  ^o), 
Tyrosin,  11 1 

Ulothiix,  5aa,  534 ;  phototaxis  of  zoo- 


spores of,  533;  reproduction  of  (Fig. 

Ulvaceiv,  9 

Utuaria  ovaJi/olia,  hooks  of  (Fig.  47), 
411 

Undulating  nutation,  368 
Unger— 

on  lenticels,  ^ 

on  loss  of  water  by  transpiration, 
104.  »05 

on  movements  of  stamens  of  Cy- 
nareae,  ^ 

on  periodicity  of  transpiration,  114 

on  branching  of  roots  m.  soil,  ^ 

on  root -pressure,  9a 

on  structure  of  stamens  of  Berberis 
and  Mahonia,  533 

on  structure  of  stamens  of  Cy- 
narea,  ^ 

on  transpiration,  as  affected  by 
stonuita,  102 

on  the  velamen  of  Orchids,  50 
(Fig.  I  a) 

Unoi^anised  ferments,  i88;  action  of, 
191 ;  classification  of,  189;  influence 
of  temperature  on,  19a;  preparation 
of,  193 

Uredineae,  life-history  of,  634;  repro- 
duction of,  634 
Uredospores,  603 
Urlch— 

on  absorption  of  nitrates  by  plants, 
ia7 

on  glutamin  in  beetroot,  171 
UrtUa  macrophylla^  cystolith  from  (Fig. 
aili  «49 

Ustilagineae,  conjugation  of,  618;  life- 
history  of,  634 

Vacuoles,         aSj  formation  of,  a8j 

pulsating,  jaa,  558 
Variability:  hereditary,  676;  origin  of, 

676;  of  cultivated  plants,  65 a,  675, 

679 ;  of  hybrids,  676 ;  promoted  by 

sexual  reproduction,  676 
Variation,  ofja.  675 
Varieties,  65  a 

Vascular  Cryptogams,  isosporous,  603 
Vascular  plants,  neterosporous,  603 
Vauchcria,  8^  heliotropism  of,  438, 

441 ;  reproduction  of,  dm 
Vegetative  reproduction,  597;  relation 

of  to  life-history,  635 
Velamen,  50  (Fig.  la) 
Velten— 

on  circulation  of  protoplasm,  534 
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"  1,611 

Verbascum,  want  of  heliotropic  inrita- 
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on  sugar  m  leaves,  16^ 
Viscum,  hypocotyl  of;  negative  helio- 
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irritable,  458 ;  somatotropism  of,  474 
Vitis,  tendriisof  (Fig.  ^  48^  489 
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on  diagetropism,  463 
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on  nutation,  36^ 
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on  rectipetality,  418 
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ties, ^ 

on  reversal  of  heliotropicproperties» 

on  weeping  trees,  409 
Voffel,  on  absorption  ot  carbon  dioxide 

by  leaves,  Si 
Volvox,  movement  of,  5^0;  reproduc- 
tion of,  610 
de  Vrles — 

on  absence  of  sugar  and  amides 
from  growing  point,  ij^  i. 

on  allassotonic  and  auxotonic  move- 
ment, 

on  destructive  metabolism,  > 

on  diageotropism,  470 

on  diahc'liotropism,  449  ; 
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-  .on  funnalion  of  autumn-wood,  351 
on  heliotropism    of  dorsiventral 

shoots,  441  / 
on  heliotropism  of  leaves,  444  >- 
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on  influence  of  transpiration  on 
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on  organic  acids  in  etiolated  plants, 

268  ' 
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on  plasmolysis  (Fig.  g),  32.  42!  4ii 
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on  turgidity,  41 
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on  wrinkles  on  roots,  3^ 
de  Vrl0M,  on  temperature  of  spadix, 

Vrolik,  on  temperature  of  spadix,  304 

Wagner— 

on  acrylcoUoid,  31 

on  decomposition  of  hippuric  acid 

by  plants,  137 
Warming,  on  temperature  of  spadix,  310 
Warrington,  on  nitrification,  ij^ 
Waste  pro<Uicts,  216,  77%;  fate  of,  244 
Water,  abstjrption  of,  ^  23  5  filtration 

of,  through  wood,  g^i  movement  of, 

in  plants,  89 
Water-culture,  123,  133  (Fig.  22) 
Water,   influence  01  currents  of,  on 

growth  (Rheotropism),  47^ 
Water-gland,  246;  o{  Saxifrage  incnts- 

tata  (Fig.  19),  ^1 
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Water-roots,  ^ 
Wax,  343 
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on  latex, 
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on  the  extrusion  of  the  polar  body, 
661.  666 

on  parthenogenesis,  667 
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on  variation,  601.  677 
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walls  of,  Zi 
Werthelm,  on  Coniin,  334 
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on  erythrophyll,  266 
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on  formation  of  chlorophyll.  26?, 
264 
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shoots, 

on  heliotropic  effect  of  light,  .^80, 

on  heliotropic  effect  of  rays  of  dif- 
ferent wave  length  (Fig.  50),  433 

on  helitJiropbra  of  leaves,  444 

on  negatively  heliotropic  organs: 
their  growth  in  darkness,  44O 

on  nutation,  368 

on  organic  acids  in  etiolated  plants, 
2^ 

on  photochemical  induction,  ^63 

on  photomechanical  induction,  435 
on   phyi.ioU)gical    signiticance  of 
transpiration, 
on  resin,  «^ 

on   reversal  of  heliotropic  pro- 
perties, 439 
on  substances  forming  latex,  i£& 
on  transpiration  as  affected  by  light, 
log,  no 
Will,  on  peptic  ferment,  190 
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oxide, by  plants  in  light,  a6o;  hf 
seedlings  in  absence  of  free  oxygen, 

Wittwer,  on  absorption  of  carbon  di- 
oxide by  leaves,  Hi 
Woad,  339 
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on  absorption  of  asparagin  by  roots, 

on  excreta  of  plants,  11^ 

on  de  Saussure's  law  oTabsorption, 

^8 
Wolff— 

on  ash  of,  Buckwheat,  6^  65; 
hay,  etc.,  6a 

on  potash  in  plants,  131;  on  sili- 
con, 137 

von  Wolkoff,  on  absorption  of  oxvgen ; 

by  plants,  198;  by  seedlings,  jo^  ifio 
WoodbouM,  on  absorption  of  nitrc^en 

by  |)lams,  85 
Woodward,  on  transpiration,  104 
Woronin,  on  reproduction  of  Botry- 

dium,  607 
Woronin's  hypha,  624 


Wortmaim — 

on  destructive  metabolism,  7gi 
on  diastatic  ferment  in  Bacteria, 
189,  19a 

on  evolution  of  carbon  dioxide  by 
seedlings,  ioq 

on  hydrotropism,  478 
on  nutation,  ^68 

on  thermotropism,  434;  of  pla»- 
modia,  538 
Wunschmann,  on  glands  of  Nepenthes, 

247 

Wuitz,  on  peptic  ferment  (papain),  190 

Xanthin,  iai 
Xanihophyll,  3^ 
Xylaria,  63^ 

Yeast  (Fig.  a)i  fermentative  action 
of,  ao8;  growth  of,  in  Pasteur's 
solution,  3;  in  water,  ^;  potential 
energy  of7  5;  reproduction  of  (Fig. 
a]j  3j  603 

Yucca  filamentosa,  positive  geotropism 
of  rluzome  of,  458 

Z&ch&rlAs — 

on  the  chemistry  of  sexual  cells, 
669 

on  nucleiii,  32 
2aiit«descM,  on  heliotropic  effect  of 

rays  of  iliflferent  wave-lengths,  433 
Zimmermaun,  on  induction  of  dorsi- 
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of  Ha  niatococcus  (Fig.  iL  Li  ^ 
605;  contractility  of,  irritability 
of,  2i  phototaxis  of,  534 

Zygnemeae,  reproduction  of,  603.  613 

Zygomycetes,  reproduction  of,  617 

Zygospores,  607,  ()\\,  Oi 7 

Zymogen,  \^ 
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